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PREFACE 

This document is the second section of a Radiation Effects Design 
Handbook designed to aid engineers in the design of equipment for operation 
in the radiation environments to be found in space, be they natural or artifi- 
cial.    This Handbook provides the general background and information neces- 
sary to enable the designers to choose suitable types of materials or classes 

. of devices. 

Other sections of the Handbook will discuss such subjects as tran-Ls 
sistors,   electrical insulators and capacitors,   solar cells,   structural 
metals,   and interactions of radiation. 
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SECTION 2.    THERMAL-CONTROL COATINGS 

SUMMARY AND CONCLUSIONS 

Maintenance of a rather narrow range of temperatures within satellites 
is essential in both manned and unmanned vehicles.    For electronic appa- 
ratus,  the most suitable temperature range presently is 20 to 40 C.    Manned 
spacecraft must not exceed 110 F (43 C) for periods longer than a few 
minute s. ^' 

Control of temperatures on an operational spacecraft is based on the 
exchange of radiant energy with the vehicle's environment,  and therefore 
upon the thermal-radiation properties of the exterior surfaces.     Thermal- 
control coatings with the desired radiative properties have been used in the 
aerospace industry to maintain a predetermined heat balance on space 
vehicles.    Solar absorptance,  as,   and hemispherical emittance,   %,   of the 
coating have been the prime characteristics with respect to controlling the 
heat balance of a vehicle. 

Design requirements often dictate the use of a surface with low ratios 
of solar absorptance to emittance,  ag/e.    These surfaces are generally 
susceptible to damage by solar radiation,   resulting in an increase in as. 
Considerable effort has been spent in developing coatings which would be 
stable in a space environment,   relatively easy to apply and maintain,   and 
which would have the desired radiative properties. 

Ideally,  thermal-control surfaces can be divided into four basic 
classes,   solar absorbers,   solar reflectors,  flat absorbers,   and flat reflec- 
tors.    The solar absorbers are principally metals and are relatively immune 
to space radiation damage.    The flat absorbers [ absorbing incident energy 
from ultraviolet (UV) to the far infrared (IR)]   are most easily obtained in 
general practice,   and their stability to space environments presents few 
problems unique to these coatings.    Flat reflectors (reflecting energy inci- 
dent upon it throughout the spectral range from UV to far IR) have been 
prepared as paints pigmented with metal flakes or as silver or aluminum 
vacuum-deposited coatings overlaid with a transparent coating. 



The greatest research effort has been expended toward the development of 
solar reflectors.    Some of these have been adapted by suitable pigmentation 

to provide solar absorber^ystems. 

The principal problem in temperature control is presented by change 
of the as/e ratio of a coating due to degradation by space environments such 
as UV radiation; proton,  alpha particle,  and electron bombardment; neutron 
and gamma radiation; and micrometeoroid impact.    These space environ- 
mental factors are shown in Table 1.    Those environments of importance to 

coating damage are marked with an asterisk. 

TABLE 1.    MAJOR PORTIONS OF THE SPACE ENVIRONMENT<2> 

Natural 

Particle Radiation 

Protons 

Electrons 

Alpha Particles 

Electromagnetic 

Physical Impact 

Persistent 

Electrons 
Neutr on/ Gamma 
Electron/ Gamma 

Transient 

Burst Products 
Plume Contaminants 

Galactic 
Van Allen* 
Solar Flare 
Solar Wind* 
Auroral 

Van Allen* 
Auroral* 

Solar Wind 
Solar Flare 

Solar Emissions* 

Atmospheric Particles 
Micrometeoroid 

Artificial 

High-Altitude Nuclear Detonations* 
Spacecraft-Borne Nuclear Reactors* 
Spacecraft-Borne Isotope Power Supplies 

Nuclear Weapons 
Rocket Firing in Space 

"Considered important with respect to thermal-control coatings. 
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The following generalizations concerning the effect of space environ- 
mental factors on coatings may be made on the basis of a review of presently- 
available data: 

(1) The most damaging factor is UV radiation.    Of the four basic 
types of thermal-control surfaces,   only the solar reflectors 
(the white paints primarily) are seriously damaged by space UV. 

Specular surfaces and leafing aluminum are resistant to re- 
flectance change in the IR wavelength region,  but undergo sub- 
stantial permanent reflectance losses in the visible and UV 
wavelength regions.    Diffuse coatings are subject to reflec- 
tance degradation over much or all of the measured 0. 24 to 
2. 5-micron wavelength region. (3) 

(2) Nuclear radiation (gamma and neutron) is also damaging. 
However,  most of the present organic coatings will with- 
stand doses of approximately 108 rads (C) without appreciable 
damage.    Inorganic coatings will probably withstand some- 
what higher exposures. 

(3) Electron bombardment will adversely affect coatings.    The 
damage of particle radiation to organic coatings« is similar 
to that caused by UV.    The damage mechanism is,  in effect, 
the same.    The better coatings will withstand lO1^ to 10l6 
e/cm^ (E = 145 keV).    Higher doses may cause severe 
damage. 

Specular surfaces and leafing aluminum-silicone coatings 
are,   in general,   relatively resistant to reflectance degrada- 
tion due to electron exposure (E < 50 keV).    Excepting leaf- 
ing aluminum,  the diffuse coatings or paints are,   in general, 
subject to severe,   in-air recoverable degradation in the IR 
wavelength region,   and to substantial visible-region reflec- 
tance losses which are less recoverable or "bleachable" 
upon re-exposure to air.     Coatings employing methyl sili- 
cone binders sustain the greatest degree of reflectance deg- 
radation in the IR wavelength region.    Coatings using 
potassium silicate binders suffer the largest electron- 
induced reflectance losses in the visible region. ^' 



It has been found,   in a series of tests on various coatings, 
that over a wide range of fluxes and fluences (4 x 10° to 
1. 7 x 1012 e/(cm2- s),   and 1013 to 8 x 1015 e/cm2,  no ir- 
radiation rate effects from 50-keV electrons are evident. 

Electron damage at 77 K (-196 C) is generally less severe 
than at 298 K (25 C).    The combination of UV and electron 
damage is generally more severe than the sum of the dam- 
age caused by the individual factors.    However,   changes in 
reflectance of anodized aluminum (both barrier- and sul- 
furic acid-) and aluminum oxide-potassium silicate coating 
produced by simultaneous electron-UV irradiations were 
approximately equal to the sum of the changes produced by 
separate irradiations to equivalent doses when irradiated 
in vacuo at 77 K. (4) 

(4) Galactic protons are relatively unimportant because of the 
relatively low flux,  but Van Allen and solar-wind protons 
are damaging to coatings.    The limited data available 
suggest that auroral protons and low-energy solar-flare 
protons are unimportant with respect to coating damage. 

Coatings are available which will withstand about 
3 x 1015 p/cm2 (E = 3  - 468 keV).    Above this exposure, 
damage may be severe.    Proton damage has been found to 
be greater at 77 K (-196 C) in many cases than at 298 K 
(25 C).    Many times,   the combination of proton and UV 
radiation is only slightly more damaging than UV alone. 
The UV tends to bleach the damage due to proton 
irradiation. 

(5) Solar alpha particles are considered of secondary impor- 
tance to coating damage when compared to the effects of 
solar-wind protons and solar UV irradiations.    Their 
numbers are less than those of solar protons.    However, 
their effectiveness on a particle basis is comparable to 
proton-induced damage, 'w 

(6) Residual high-altitude earth-atmospheric particles are con- 
sidered unimportant in their effects to satellite surfaces. 
The micrometeoroid environment of space is not important 
for optical damage,  where damage is defined as either a 
change in as or e,   or a change in the reflected angular 



distribution of solar energy.    The latter effect, however,  is 
12) important for solar concentrator and mirror applications. v   ' 

(7) Artificial environments such as that caused by the Starfish 
detonation and spacecraft-borne nuclear sources are 
damaging. '^J   However,  the data on electron and nuclear 
damage are applicable in considering these environments. 

(8) Rocket-plume contamination,  the products of exhausts from 
both solid- and liquid-fueled rockets,  is a problem with 
thermal control coatings. '^)   More data are needed before 
conclusions can be reached on this problem. 

As was stated in (1) above,  the most damaging of the environmental 
factors is UV radiation.    Due to (a) the spectra from available UV sources 
not matching the solar spectrum,   (b) UV damage in vacuum being more 
severe than UV damage in air,  and (c) recovery of damage often being 
rapid when air is supplied to the coating,  it is difficult to forecast UV dam- 
age to coatings in space on the basis of laboratory data.    As a result,   even 
with "in situ" measurements,  i.e.,   reflectance values of coatings obtained 
before being removed from the vacuum in which they were irradiated,   labor- 
atory data and those obtained from space satellites have not always been in 
agreement. 

Coatings that appear to be most stable to space environment include: 

(1) A zinc oxide/potassium silicate coating (Z-93 type) which has 
shown no measurable damage in over 3000 hours of solar 
exposure in OSO-II and Pegasus II experiments.    This coating 
suffered somewhat greater damage on the interplanetary flights 
such as Mariner IV and Lunar Orbiter V.    This damage 
(Acts = 0. 05 after 1000 sun hours in flight on Lunar Orbiter V) 
was believed due to the solar wind.    The coating suffered less 
damage than the others tested on this flight.    The major 
problems with this coating are the difficulty of application 
and ease of soiling during preflight operations. 

(2) Second surface mirrors which have shown excellent stability 
to both UV and particle radiation.    Silvered Teflon showed no 
change on the OGO-VI after 4600 ESH.    Aluminized 1-mil 
Teflon showed a Aag of 0. 043 after 5000 hours' exposure on 
the Mariner V.    An SiOx/Aluminum reflector showed no 



TABLE 2.   EFFECT OF RADIATION ON 

Coating 

S-13 
(B1056) 

Binder 

Silicone 

as 

Effect of Ultraviolet 
+ Vacuum Effect of Nuclear Radiation 

0.21     0.88 800 ESH,   Aas=0.08 
( 

(Pegasus I) 
1500 ESH,  Aas=0.18 

S-13G Silicone 0.19     O.i 1000 ESH,   Aas=0.04 
(OSO-III) 

(B-1060) 0.19     0.1 

Thermatrol 
2A-100 

Silicone 0.17     0.86 500 ESH, Aas=0.06- 
0.16 

No change at 10   rads(C) 

Hughes Organic 
White (H-10) 

Silicone 0.15     0.86 

Silicone (RTV 602) 
Over. Aluminum 
(1199) 

Leafing Aluminum Phenylated 
Silicone 

0.20     0.80      1141 ESH,   Aas=0.01 

1130 ESH, decrease 
in reflectance at 
250 mP = 24% 



ORGANIC THERMAL CONTROL COATINGS 

Effect of Proton 
Bombardment 

Effect of Electron 
Bombardment 

Effect of 
Temperature 

Effect of Combined 
Environment 

Refer- 
Satellite    ences 

2. Ixl016p/cm2' 
Aas=0.01 

1.7xl018p/cm2, 
Aas=0.07 

1000 hr Aa =0.14 Lunar         16, 17, 

(Lunar Orbiter I) 
2000 hr Aa =0.20 

Orbiter    18, 20, 
I              49 

s 
(Mariner V) Pegasus I 

4600 hr Aa/£= 0.40 Mariner V 

ATS-I ATS-I 
6000 hr  Aa/£=0.30 

(ATS-I) 

Threshold damage 
1014p/cm2 (E= 
20 keV), severe 

No evidence of 
cracking or spall- 
ing when cycled 

1300 hr   Aaj=0.16 
(Lunar Orbiter IV) 

Lunar         3, 14, 
Orbiters  17, 
II, IV,    26 
V 4 times from 

damage at 
1016p/cm2 260 to -190 C 

1014 e/cm2 (E=50 keV) 1300 ESHAas=0.12 Lunar         14, 

Aa =0.01 (Lunar Orbiter Orbiter   26 
""s IV) IV 

3xl015p/cm2, 1015 e/cm2, no effect No serious degrada- Nuclear +UV,Aas = 
0.08 

21, 
27 

Aas=0.01 1016 e/cm2,   Aa,= tion at ascent 
38, 
57 5xl016p/cm2. 

(E=10 keV), 
Aa =0.42 

0.05, bond failure 
1016 e/cm2 (E= 

80 keV), severe 

temperature, in- 
crease in temp 
increases  Aa 

Proton causes an- 
nealing effect with 
UV.   Combined 

degradation damage greater 
than sum of sepa- 
rate effects. 

3xl015p/cm2 1500 sun hr. A a = Lunar         14, 

0.18 Orbiter   26 
(E=466 keV), 
Aag=0.01 

(Lunar Orbiter V) 

1500 sun hr   Aa$= 
0.13 
(Lunar Orbiter V) 

V 

Lunar         14, 
Orbiter   26 
V 

Moderate losses in 
reflectance after 
1017p/cm2 (E = 
20 keV) 

Extremely resistant 
to reflectance 

16 2 
change at 10   e/cm 
(E=20 and 80 keV) 

3, 27 



TABLE 2. 

Coating Binder as 

Effect of Ultraviolet 
+ Vacuum Effect of Nuclear Radiation 

Fuller Gloss White Silicone- 0.25     0.90     485 ESH,  Aas=0.06 
alkyd 0.29 850 ESH,  Aag=0.07 

Excellent stability at 108 

rads(C) 
4.5xl07 rads(C), 4.5xl03 

n/cm2, Aas=0.06 
1.8xl08rads(C), 1.8xl014 

n/cm2, Act =0.09 

PV-100 Silicone - 
alkyd 

162 ESH,   Aa=0.17 
s 

White Skyspar Epoxy 0.22  0.91  485 ESH, Aas=0.24 
0.25       850 ESH, Aas=0.39 

2.2 x 106 rads(C), no change 
5xl07 rads(C), Act =0.07; 
2x10° rads(C), Aa=o.l2 

Tinted White Acrylic 
Kemacryl 

Nonleafing Acrylic 
Aluminum/Aery lie 

0.24 0.86 485 ESH, Aas=0.11 
0.28 1000 ESH, Aas=0.12 

0.44     0.48 Aas=0.07 
Binder 

degrades 

5xl07 rads(C), ,Aas=o.05 
2xl08 rads(C), Aas=o.06, 

0.09 
l-3xl08 rads(C), mechanical 

failure 



(Continued) 

Effect of Proton 
Bombardment 

Effect of Electron 
Bombardment 

Effect of 

Temperature 

Effect of Combined                       Refer- 
Bombardment          Satellite   ences 

1016e/cm2, no change 
in Aag 

UV+Nuclear, 920 ESH,                   3, 27, 
108 rads(C), surface                    33, 
yellowed, paint                            38 
flaked off 

3xl015p/cm2 (E= 
466 keV), Aa$= 
0.03 

1016p/cm2, degraded 
coating 

6.4xl016p/cm2, 
Aas=0.02 

6.4x1017 p/cm2 

Acy=0.04 
2.1x1018 p/cm2 

Aas=0.12 

1015e/cm2;"Aas= 

0.02 
10l6e/cm2,  Aas= 

0.06 

4xl016e/cm2, damage 
approaches saturation 
level 

1015e/cm2, Aas=.03 
1016e/cm2, Aas=0.07 

35 

OSO-I 
OSO-II 

UV+Nuclear, 920 ESH, 
108 rads(C), 180 F, 
paint turned brown 
and bubbled 

33, 34, 
38, 49 

33, 
38 

1016e/cm2, Aa=0.01 2, 

38 



TABLE 3.   EFFECT OF RADIATION ON INORGANIC 

Coating Type 

Lithafrax/Na2Si03 

(Li/Al/Si04) 

Synthetic 
Li/Al/Si04/Na2Si03 

as 

Effect of Ultraviolet 
+ Vacuum 

0.15     0.86     485 ESH, Aas=0.06 
600 ESH, Aag=0.06 

0.16     0.87     485 ESH,   Aa=0.09 
162 ESH,   Ac^=0.12 

Effect of Nuclear Radiation 

5xl07 rads(C), Aas=0.06 
2xl08 rads(C), Aas=0.14 
Degrades severely 
1.3x10s rads(C), Aa,=0.10 

1. 3xl08 rads(C), Act =0.09 

Z-93 
(Zinc oxide/KgSiOg) 

0.18     0.88     3000sunhr,   Aas=0.00 
0.20      0.93        (OSO-II, OSO-III, 

Pegasus II) 

Hughes Inorganic 
White (H -2) 
(Ti02/K2Si03) 

0.14     0.89     1300 sunhr,   Aa„: 

0.18     O.i 0.14 

Douglas White 
Inorganic 

Zirconium 
silicate/K2Si03 

Z-93 200 ESH,  Aa  in- 
s 

creased 10 percent 

0.24     0.87     485 ESH,   Aas=0.04 
0.14     0.89 

Al203/K2Si03 0.11     0.82      162 ESH,   Aas=0.13 

10 



AND COMPOSITE THERMAL CONTROL COATINGS 

Effect of Proton 
Bombardment 

Effect of Electron 
Bombardment 

1015e/cm2, Aas=0.05 
1016e/cm2, Aas=0.10 

Low energy protons 
cause measurable 

1015e/cm2, Aass0i.06 
1016e/cm2, Aa,s0,.09 

damage. 
1015p/cm2 (E= 

466 keV), A«s=0.06 

1.6xl017p/cm2, 
Aa=0.11 

1.9xl018p/cm2, 
Aas=0.67 

Electrons tend to 
bleach 

Effect of 
Temperature 

Effect of Combined 
Environment 

Concurrent UV and 
nuclear more dam- 
aging than UV fol- 
lowed by nuclear 

Refer- 
Satellite   ences 

36, 
38 

34, 
38 

1500 sun hrs,   Aoi= Mariner 13, 

0.07   (Lunar IV 14, 

Orbiter V) Lunar 21, 

73 hrs, Aas=0.07 Orbiter 26, 

V 32, 
OSO II, 41, 

III 49 
Pegasus 

II 

Thermal cycling 1000 sun hrs,   Ao^= Lunar 14, 

4 times from 0.09 (Lunar Or- Orbiter 16 

533 K to 83 K, biter IV) IV 26 

Act =0.03 Surveyor 28 
s I 30 

47 

3xl015p/cm (E= 
466 keV), Aag= 
0.02 

1016e/cm2 

0.02 
Aas= 1016e/cm2 and 

485 sun hr, 
Aas=0.06 

Proton+UV only ATS-I 
slightly more 
damaging than 
UV alone. 

Electrons+UV en- 
hanced stability 
of reflectance 
4300 ESH, 
A(a /e)=0.45 
(ATS-I) 
350 ESH and 5. 8x 
1015e/cm2 at 
77 K,   A0^=0.13      

30, 
38 

4, 

19, 
20, 
41 

11 



TABLE 3. 

Coating Type 
Effect of Ultraviolet 

+ Vacuum Effect of Nuclear Radiation 

3M202-A-10 

Anodized Aluminum 

SiO on Aluminum 

Rokide C 

Alodine 

Optical Solar 
Reflector 

Chromate 
finish on 
aluminum 

No. 1, Ag 
mirror 

No. 2, Al 
mirror 

0.18     0.73       162 ESH, Aas=0.04 
0.23 576 ESH, Aas=0.18 

1152 ESH, Aas=0.19 
1580 ESH, Aas=0.00 

(OSO-III) 

3xlOörads(C), Aa =0.01 

Variable 
depending 
on thickness 
of SiO 

Severe degradation 

0.90     0.85     No degradation 

0.05     0.81     485 ESH, no change in 
Aas 

0.10      0.81 

Magnesium fluoride/ 
Molybdenum/ 

Magnesium fluoride 

Vinyl Silicone 
on Aluminum 

0. 85 0. 53     Good UV stability 
0.91 0.85 

0.16 0.15     3800 ESH, no change 
0.21 0.90(a) 

Butvar on 
Aluminum 

0.18 0.45 
(0.75 mils) 

0.22 0.85 
(3.2 mils) 

0.22 0.88 
(6.5 mils) 

(a)  Emittance dependent on coating thickness. 
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(Continued) 

Effect of Proton Effect of Electron Effect of Effect of Combined Refer- 
Bombardment Bombardment Temperature Environment Satellite ences 

1016p/cm2 (E=3 keV), 4xl016e/cm2 (E= 35 
degraded in visible 145 keV) damage 
and IR approached a satura- 

tion level 

1015p/cm2 (E= 4xl016e/cm2 (E= 2000 ESH, Aa=0.11 ATS-III 4, 5, 
466 keV), Aas=0.01 

1016p/cm2 (E=3 keV), 
145 keV) (ATS-III) OSO-III 35, 

No change 48 
Aa = no change 

Vanguard 
II 

2, 8 

Emittance changed 
0.07 

9 

49 

3xl015p/cm2, no 
change 

1016e/cm2, no 
change in Aa 

Stable up to 
2 years in all 
charge and 
particle environ- 
ments and com- 
bined environ- 
ments of space 

13, 
38, 
52 

55 

170 ESH, 10' rads(C), 
X-ray, Aas=0.01 

1720 ESH, 108 rads 
(C) X-ray, Aa = 
0.02 

100 ESH, 107 rads 
(C) X-ray, Aas= 
0.01 

1000 ESH, 108 rads 
(C), X-ray,   Aa = 
0.02 

37 

37 

13 



TABLE 3. 

Coating 

Aluminized FEP 
Teflon 

Type 

Effect of Ultraviolet 
+ Vacuum Effect of Nuclear Radiation 

0.16     0.26- 
0.13-   0.89<a) 
0.16 

Silvered FEP 
Teflon 

Aluminized 
Polyimide 

SiOx/Al 

0.07- 
0.09 

5-mil silvered Teflon 
4600 ESH, no change 

incts(OGO-VI) 

0.44     0.78 20,000 ESH 
(3 mil Act =0.10 

Kap- 
ton) 

0.146   0.30 

Si02/Al 

A1203/A1 

0.111 

0.136   0.25 

1488 ESHAas= 
0.01 to 0.03 

SiO-Al-Kaptan Badly degraded by 
UV 

(a)  Emittance dependent on coating thickness. 
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(Continued) 

Effect of Proton 
Bombardment 

Effect of Electron 
Bombardment 

No change in absorptance 
to 3xl0l5p/cm2 (E= 
40 keV) 

1.4-1.8xl016p/cm2 

Aas=o.06 

No change in absorptance 
to 3xl015p/cm2 (E= 
40 keV) 

1.2-1.7xl016p/cm2. 
Aas=0.04 

5xl014p/cm2 Aas= 
0.03 

lxl015e/cm2 (E=l MeV) 
no change 

.16 2 rv- 10ibp/cm   (E 
63 keV), little 
change 

Effect of 
Temperature 

1015e/cm2 (E= 
80 keV) (2, 5, 
10 -mil Teflon) only 
minor reflectance 
degradation 

1016e/cm2, signifi- 
cantly altered 

1017e/cm2 (E= 
20 keV) only 
small changes 

1.3xl016e/cm2 

(E=145 keV), 
slight reduction 
in spectral re - 
flectance 

750 F, 30 sec in 
Vac - no change 

7900 F, film visi- 
bly darkens 

Effect of Combined Refer- 
Environment Satellite   ences 

1150 ESH, 1.2x 
108 rads(C) X-ray, 
Aag = no change 

1-mil aluminized 
teflon 5000 ESH, 
Aag=0. 04 (Mari- 
ner V) 

4800 ESH A (a/£)= 
0.26 (ATS-I) 

3-1/2 yrs, no sig- 
nificant degrada- 
tion (Explorer 
XXIII) 

4400 ESH A(a/e)= 
0.16 (ATS-I) 

Mariner 
V 

18,27 
37,50 

OGO-VI    50 

51 

ATS-I        20, 
Explorer    54 

XXIII 

53 

ATS-I        20 

Apollo       35, 
52 
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degradation after 3-1/2 years on Explorer XXIII.    An RTV/ 
silicone coated aluminum showe 
1100 hours on Lunar Orbiter V. 
silicone coated aluminum showed a Aas = 0. 08 after 

Optical solar reflectors  (OSR),  mirrors consisting of 
vapor-deposited silver or aluminum on fused silica have 
shown no change in ag or £ for extended missions up to 
2 years.    These reflectors are ceramic mirrors and 
therefore are difficult to apply,  particularly on irregular 
surfaces.     The mirrors have to be mounted by means of 
an adhesive or tape and the size of the mirrors is approxi- 
mately 1x1x0. 008 in. 

(3)   Coatings that are more easily applied generally have not 
shown good stability.    S-13G (ZnO/silicone) and Therma- 
trol 2A-100 or Hughes Organic White (both TiOz/ silicone) 
are representative of the most stable of these coatings. 
Change in absorptance,  A<xs,  for S-13G was 0. 14 in 
1200 hours on Mariner V.    Absorptance of a Ti02/silicone 
apparently increased from 0. 24 to between 0. 34 and 0. 40 
on the Apollo 9.    The advantages of these coatings are that 
they are easier to apply and require less prelaunch pro- 
tection than the above thermal-control materials. 

Unfortunately,  the more stable coatings are more difficult to apply 
and to maintain during prelaunch activities.    The coatings that do not re- 
quire elevated-temperature cures and can be repaired easily lack environ- 
mental stability.    However,   some of these latter may be serviceable de- 
pending on flight requirements.    Continued efforts are needed to develop a 
stable coating that can be applied easily,   cured at room temperature,   and 
is easily repaired or cleaned.    The chief difficulty is that easily applied 
coatings generally require organic binders and these are susceptible to 
radiation damage. 

A summary of the effects of radiation on organic and inorganic coat- 
ings is given in Tables 2 and 3. 
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INTRODUCTION 

In a hostile environment such as is encountered in space where vacuum, 
cryogenic temperatures,   solar radiation,   and particulate radiation are pre- 
sent    maintaining an operable temperature within a space vehicle is of the 
utmost importance.    The internal temperature of the vehicle must be con- 
trolled within rather narrow limits in which its contents will operate effi- 
ciently.    Many electronic components become inoperative at temperatures 
above 140 F.    Excess heat must be radiated to space or the vehicle will over- 
heat.    Conversely,   if the vehicle radiates heat faster than it is absorbed, 
enough heat must be generated internally to maintain the necessary balance. (   > 

The temperature of an object in space depends upon several factors. 
The most important of these are (1) the absorption of radiation by the surface, 
(2) the radiation or reradiation of energy from the surface,   and (3) the genera- 
tion of heat within the object.    Other factors that affect the temperature are 
the thermal conductivity and specific heat of the spacecraft components,   and 
the absorptance of earth-emitted IR energy and earth-reflected solar radia- 
tion. (6)    The maintenance of the proper range of temperatures in a space 
vehicle is one of the more important and complex design problems. 

Two techniques are used to regulate the temperature of satellites: 
active temperature control and passive temperature control.    Active control 
consists of a feedback technique that usually employs electrical power and 
moving parts.    For example,  bimetallic strips or thermostats control shut- 
ters or vanes to vary the surface in terms of effective optical properties. 
Passive control relies on the use of surface materials with appropriate ther- 
mophysical characteristics.    Frequently a combination of both methods is 

used. 

Much research has gone into the study and development of surface ma- 
terials and coatings which have absorptive and radiative properties useful for 
controlling temperature.    It can be shown that the important parameter in de- 
termining the surface equilibrium is the ratio of the solar absorptance (as) to 
the hemispherical emittance (eh) of the external surface where as is the frac- 
tion of incident solar energy absorbed and  eh is the fraction of energy radi- 
ated as compared to that from a black body at that temperature. (7>    Four types 
of thermal control surfaces are used to maintain a desired temperature range 
within a space vehicle.    These are termed solar reflector,   solar absorber, 
flat reflector,   and flat absorber. 
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A solar reflector is a surface which reflects the incident solar energy- 
while emitting IR energy. (°)   It is characterized by a very low a,   /e ratio 
ranging from 0. 065 to 0. 34.    It has a low ag and high e.    White organic paints 
with metallic-oxide pigments are representative of this class. 

A solar absorber is a surface which absorbs energy while emitting a 
small percentage of the IR energy.    It is characterized by a relatively high 
a fe ratio (greater than 1) and is approximated by polished metal surfaces. 
It has a high ag and low e.    Such surfaces reflect a relatively large amount 
of incident solar energy (approximately 70 percent); however,   they are much 
more efficient as solar absorbers than as emitters of IR energy (typical 
values,   ag - 0. 25 and e -  0. 05) and consequently,   when exposed to solar 
radiation in a vacuum,   such surfaces will become hot. ("'    The most success- 
ful and widely used of the present solar absorbers are aluminum and gold 
surfaces.    Solar absorbers are extremely sensitive to contamination and 
require careful prelaunch handling. 

A flat reflector is a surface which reflects the energy incident upon it 
throughout the spectral range from UV to far IR. (8)   It has a low ag and low e. 
This class of surfaces has been the most difficult to develop.    The most prom- 
ising class of materials for this use consists of paints pigmented with metal 
flakes and very highly polished metal surfaces.    These surfaces are gener- 
ally characterized by a relatively low IR emittance with an as/e -   1. 0.    The 
most favored flat reflector is nonleafing aluminum silicone paint,   as = 0. 22, 
e= 0.24.(9) 

A flat absorber is a surface which absorbs the energy incident upon it 
throughout the spectral range from UV to far IR. (°)   It has a high ag and 
high e.    Of the four basic surfaces,   the flat absorber is the most easily ob- 
tained in general practice.    Generally,   any rough black matte surface will be 
a good approximation of a flat absorber.    Of the available finishes,   Black 
Kemacryl Lacquer and dull-black Micobond paint (ag  =   0. 93,   £ = 0. 88) are 
most widely used. (9)   As a consequence of the relative ease with which a flat 
absorber can be obtained,   the considerations which dictate its choice are 
those other than the thermal radiation characteristics of the material,   such 
as temperature resistance,   mechanical strength,   abrasion resistance,   adhe- 
sive strength,   flexibility,   cost,   and ease of application. 

Figure A-1 in Appendix A shows the ideal spectral absorptance of these 
four types of surfaces and of production materials approximating them. 
Tables A-1 through A-5 list by types the various materials for which as/e 
have been determined. 



Radiation Environments to Which 
Thermal Coatings May Be Subjected 

Thermal coatings in a space environment are subjected to several types 
of radiation and must be stable to these,   or the changes which occur due to 
radiation must be known so that engineers can consider them in designing 
space vehicles.    The environment which probably affects coatings most seri- 
ously is solar radiation,   particularly UV.    Much information is available on 
the effects of UV and vacuum,   both from laboratory tests and from space 
flights.    However,   other electromagnetic and particle radiations will cause 
changes in thermal-control coatings,   and information concerning these effects 
is comparatively recent.    Additional information is being obtained at the pre- 
sent time,   and results are not yet available.    However,  published studies 
give an indication of what can be expected. 

Solar Electromagnetic Radiation 

The bulk of the energy in the solar spectrum lies between 0. 3 and 4. 0 u, 
with approximately 1 percent of the energy lying beyond each of these limits. 
IR and visible radiation do not possess sufficient energy per quantum to break 
chemical bonds in ordinary reactions.    The principal effect of IR radiation is 
to increase thermal agitation.    However,   many reactions initiated by the 
higher energy UV photons proceed at a higher rate because of the temperature 
increase caused by the IR.    Due to differences in absorption coefficients,   the 
effects of radiation in the visible range should be somewhat less than those for 
the thermal range and are negligible with respect to the possible effects in 
the UV range. 

Both the UV and the soft X-ray components of the solar spectrum pos- 
sess sufficient energy per quantum to induce rupture of many chemical bonds 
and thus initiate chemical reactions with organic coatings.    The effect of UV 
radiation on structural metals is negligible except for a static charge that is 
produced by the removal of electrons by the photoelectric effect. (   ) 

A great deal of work has been done to determine the effect of UV radia- 
tion and the combination of UV radiation and vacuum on thermal-control coat- 
ings.    However,   the first space trips showed much of this information to be 
unreliable,   and'the work had to be repeated "in situ".    That is,   optical mea- 
surements'had to be made while irradiated samples were still in vacuum.    In 
earlier tests,   these measurements were made in air after irradiation in vac- 
uum,   and it was found that damage had "healed" when the samples were 
returned to an air environment. 
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UV damage to the individual coatings is discussed in other sections of 
this report.    However,   it has been shown that of the four basic types of 
thermal-control surfaces,   only the solar reflectors (the white paints pri- 
marily) are seriously damaged by space UV radiation. '"' 

Penetrating Radiation 

The penetrating-radiation environment of space may be due to a 
variety of sources,   of which the most important are cosmic radiation,   trap- 
ped radiation,   auroral radiation,   and solar-flare radiation. (°)    Those portions 
of the total space environment which are considered of importance in causing 
optical damage to spacecraft surface materials are:''i 1U) 

Van Allen electrons and protons 
Solar-wind and solar-flare protons 
Auroral electrons and protons 
Artificial electron belt. 

Following are discussions of the various types of penetrating radiation 
and the particle fluxes which may be anticipated.    Also,   some generalities on 
the stability of coatings are given. 

Primary Cosmic Radiation.    Cosmic primaries consist principally of 
protons (hydrogen nuclei) moving with relativistic or near-relativistic veloc- 
ities (from 80-90 percent of the velocity of light). (°)   Except for magnetic dis 
turbances and variations on the order of ± 2 percent with the solar cycle,   the 
cosmic primary radiation field is essentially constant with time. 

The effective ionization dose rate due to cosmic primaries is about 10" 
rad/hr,   and the approximate effective dose rate due to secondaries produced 
in a space vehicle or in the atmosphere is about 10"^ rad/hr.    Hence,   the 
cosmic-ray-induced damage is regarded as being a very minor hazard. 

Geomagnetically Trapped Radiation.    For orbits near the earth [up to 
approximately 20, 000 nautical miles (nm) or 23, 000 statute miles (sm) in alti- 
tude] ,   the Van Allen radiation is of great importance because of the high fluxes 
The Van Allen radiation belts are usually discussed in terms of an inner and 
an outer belt.    The more stable inner belt is normally considered to consist 
of those magnetic shells for which L < 2 (L = the radial distance of the shell 
from the center of the earth at the geomagnetic equator),   i. e. ,   at altitudes 
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< 3500 um,   and is populated with penetrating protons (E < 500 MeV) and 
low-energy electrons (mostly E < 1 MeV).    The outer belt includes shells 
L > 3500 nm and consists almost entirely of slightly more energetic elec- 
trons than those in the inner belt. \°> 

Trapped Protons.    The inner zone proton flux is relatively stable in 
time although some changes at low altitudes occur over the solar cycle be- 
cause of atmospheric changes.    Farther out in the magnetosphere,   the proton 
distributions are more easily affected by magnetic disturbances,  but in gen- 
eral they are more stable than the electron fluxes. (     ) 

The Van Allen proton environment has been,broken up into four energy 
bands:    4 to  15,   15 to 30,   30 to 50,   and > 50 MeV.    The contours of the flux 
levels are shown in Figures A-2 to A-5. (10> 1 ^   Integral flux distributions 
above 0.4 MeV are shown in Figure A-6. (10)   It is evident from the difference 
in spatial extent between the 0.4-MeV map and the four higher energy maps 
that it is convenient to think of zones in the proton belt,   one with virtually no 
protons with energies greater than 4 MeV.    This is called the "outer radiation" 
zone and extends between an L value of about 4 (in units of earth radii) to the 
outer boundary of particle trapping. (10)    This zone is characterized by time 
variations in flux intensities and corresponding changes in energy spectra. 
The intensities indicated in Figure A-6 probably are not upper limits for this 
zone,   but are more conservative for making predictions of damage to space- 
craft.    Energy spectra at the magnetic equator for various L values in the 
inner and outer proton zones are presented in Figures A-7 and A-8.    Fluxes 
of protons at energies lower than the limits shown in Figures A-7 and A-8 
exist and may be of importance in producing surface damage in materials. 
However,   data describing these portions of the spectra are limited. 

Trapped Electrons.    The trapped-electron belt coincides spatially with 
the proton belt,   but has different configurations in its intensity and energy 
spectrum distributions.    The integral flux distribution above 0.5-MeV electron 
energy as of August,   1964,   is given in Figure A-9. (10> 12)    This model was 
derived from data accumulated between late  1962 and 1964.    The measurements 
were made after the creation of the artificial electron belt by beta-decay 
electrons from the Starfish high-altitude nuclear explosion on July 9,   1962. 
Since trapped electrons of natural origin were not well measured before 1962, 
present knowledge does not permit a clean separation in the inner radiation 
belt between naturally occurring electrons and those of artificial origin. 
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As with trapped protons,   the trapped-electron belt is divided into an 
inner and outer zone,  with the zone boundary being taken at a minimum in the 
distribution of high-energy electrons at L ~2. 5 to 3 earth radii.    According 
to Gaines and Imhof, (10) the inner zone in late  1964 was characterized by 
energy spectra generally similar to a fission beta spectrum and by mono- 
tonic losses in intensity,  the loss rate being highest at very low L values 
and fairly uniform at about a factor of 3 decrease in intensities each year 
for L £ 1.3.    Thus for the main portion of the inner zone,  the fluxes of 
artifically injected electrons should have been about two orders of magnitude 
lower in late 1968 than those shown in Figure A-9. (10> 12> 

The electron flux in the outer zone (L £ 2. 5) shown in Figure A-9 are 
approximate mean values from data taken from 1962 to 1964,  near a period 
of minimum solar activity.    Intensities throughout this zone show fluctuations 
of as much as two orders of magnitude over time periods of weeks or a few 
months. (10)   Since changes in spectral shape might be expected to accompany 
the intensity fluctuations,   the spectra shown for L = 3.4 and 5 in Figure A-10 
are typical only.(10) 

Trapped Alpha Particles.    Alpha particles trapped in the geomagnetic 
field have been observed.    However,   their integral intensities are low as 
compared with protons and electrons and they are considered unimportant 
with respect to radiation effects. 

Calculation of Accumulated Fluxes.    It can be seen that the calculation 
of particle fluxes accumulated by a particular spacecraft at a given time in- 
volves many variables and is not simple to perform.    The Government main- 
tains an "Environmental Science Services Administration" at Goddard Space 
Flight Center,   Greenbelt,   Maryland,   20771,   where James I.   Vette and staff 
maintain an up-to-date computerized facility for determining the fluxes for 
a spacecraft orbit for any required period of time.    Lockheed Palo Alto 
Research Laboratory has a similar facility.    Figures A-11 and A-12 can be 
used to determine upper limits for low-altitude circular orbits. 

Solar Particles.    The geomagnetic field deflects charged particles inci- 
dent on it from interplanetary space and thus provides very effective shielding 
to the region of space between about 60 degree north and south magnetic lati- 
tudes within the magneto sphere.    Near the magnetic poles,   and in interplane- 
tary space outside the boundary of the magnetosphere,  the direct charged- 
particle radiation from the sun can be observed.    This radiation consists of 
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two components:   high-energy particles that occur sporadically,  usually in 
correlation with visible disturbances on the surface of the sun or solar flares; 
and low-energy protons and electrons,  which are present more continuously. 

Solar-Flare Radiation.    Protons from solar flares present perhaps the 
most important source of damaging particles for many orbital configurations. 
Since solar-proton events occur sporadically and vary widely in peak proton 
flux and duration,   the total flux of protons expected within a particular time 
period is treated statistically. (10)    Fluxes may be as high as 104 p/(cm  . s); 
average dose rates may range from 1 to 100 rads/hr; and the total dose per 
flare would range from 10 to 103 rads. (8) 

Electrons in the energy range 40 to 150 keV have been measured when 
accompanying a number of small solar flares during solar minimum.    The 
fluxes of electrons observed in all cases were small from a damage standpoint. 

Alpha particles and charged nuclei of higher atomic number accompany 
the fluxes of protons from solar flares.    In several cases where both alphas 
and heavier nuclei have been observed,   the ratio between their numbers has 
been constant at about 60.    The ratio of protons to alphas within the same 
energy range appears to vary considerably,   the number ranging from about 
10 to several hundred. (10) 

Solar Wind.    The solar wind is a plasma consisting of protons,   elec- 
trons,   and alpha particles which continuously streams radially outward from 
the sun.    The particle velocity in the vicinity of the earth was found to vary 
with solar modulation between about 350 and 700 km/sec,  which corresponds 
to energies of approximately 0. 6 to 2. 6 keV for protons.    The particle flux 
intensity varied between about 3 x 107 and 1 x 10^ particles/(cm   • s). ( 
Breuch states that the solar wind is seldom less than 500 eV or greater than 
3000 eV and that an average of 1250 eV for the solar wind over the past 
30.years is suggested. (2)    The surface dose rate will be approximately 
10^ rads/hr. (8)    Fluxes are large,  but since the energy per particle is small, 
the damage to materials from solar-wind particles will be confined to 
surfaces. ( *-®> 

It has been demonstrated that solar-wind energies must be used in the 
laboratory when studying solar-wind effects on thermal-control surfaces. 
Major recovery effects exist in coatings exposed to simulated solar-wind 
protons and to combined simulated solar-wind protons plus solar-UV radia- 
tion.    Combined irradiation produces major synergistic effects and bleaching 
effects which are coating dependent. (   ' 
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Laboratory data including UV,   2 and 10-keV proton,  and UV + proton 
exposures were used to predict the changes in as of three coatings which 
might have been expected on the OSO-III had the satellite's orbit been in the 
solar wind. (13)    The values were then compared with data from interplanetary 
experiments (Lunar Orbiters IV,   V,   and Mariner V).    The degradation in 
space was greater than that predicted from the laboratory data. (13)    Differ- 
ences between the degradation of these coatings in near-earth orbits and those 
in interplanetary orbits are attributed primarily to differences in environ- 
mental parameters between the two types of orbits. (i4>   It is believed that the 
electrons,  protons,   and solar UV in the lunar or interplanetary environment 
have a synergistic effect which results in a degradation rate higher than that 
from solar UV exposure alone. (i4) 

Auroral Radiation.   Intense fluxes of protons and electrons have been 
observed in the auroral regions from about 60 to 70 geomagnetic latitude 
with somewhat lower fluxes at higher latitudes up to the magnetic poles.    The 
particle intensities fluctuate over several orders of magnitude but may always 
be present in these regions at altitudes to at least 500 nm.    The exact origin 
of these fluxes and the mechanisms of their trapping or storage and precipita- 
tion into the atmosphere are not well understood.    They seem to be correlated 
with solar activity,   however; and the most reasonable source with sufficient 
total energy to produce the observed fluxes is the solar wind. (10) 

The average energies of electrons observed in the auroral regions is 
of the order of a few kilovolts to tens of kilovolts.    A rough estimate based 
on the highest activity data and assuming an average energy of 10 keV gives 
approximately 10^ electrons/ (cm^. day) for a low-altitude polar-orbiting 
satellite. (10) 

Observations of precipitating protons in the auroral regions in 1965 
showed average particle energies of 10 to Z0 keV and peak fluxes greater than 
10^ protons/(cm  • s- steradian) for energies greater than 20 keV.    A rough 
estimate for protons would be approximately lOlO protons/(cm   -day),   with 
an average energy of 15 keV. 

Man-Made Radiation.    The most intense man-made radiations in space 
have originated from high-altitude nuclear-device detonations.    The intensities 
of electron fluxes and the length of time they remain trapped after injection 
depend on the yield of the device and the altitude and geomagnetic location of 
the detonation.    As a result of a nuclear detonation,  high fluxes of electrons 
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can be injected into low-altitude regions of space where the fluxes of naturally- 
trapped electrons and protons are rather low. 

Miscellaneous Natural Sources.    These include thermal-energy atoms, 
solar X-rays,   neutrons,   and albedo protons.    Of these,   the solar X-rays 
are probably the most impoerant with respect to thermal coatings. (8) 

Thermal-Energy Atoms in Space.    In intergalactic space there exists 
a density of about 1 atom/cm3 of thermal energies (-125 K).    These atoms 
are predominantly protons.    For a space vehicle traveling at 10    cm/sec 
(0. 003 x velocity of light),   the effective flux would be 108 p/(cmZ. s) in in- 
tergalactic space.    At this velocity,  the apparent proton energy is about 
0. 5 keV,   and the surface dose rate would be approximately 10    rads/hr. 
The internal dose rate would be negligible.    The population of thermal-energy 
atoms in the solar system is estimated to be about 102 protons/cm   . < 

Solar X-Rays.    Although the major portion of the electromagnetic radi- 
ation from the sun which makes up the solar constant [2 cal/(cm  -min)]   is not 
ionizing in nature,   a very small portion (~0. 1 percent) lies in the solar X-ray 
region of a few kilovolts.    On this basis,   the surface dose rate is estimated 
to be about 106 rads/hr.    Since this X-ray energy is absorbed strongly by 
materials,   the interior dose rate is not important. (°) 

Neutrons.    Except for cosmic-ray interaction with matter such as the 
earth's atmosphere,   there appears to be no major natural source of neutrons. 
The flux of neutrons from the cosmic-ray effects on the earth's atmosphere 
is about 1 n/(cm2. s) and poses no problem. (8) 

Albedo Protons.    Impingement of cosmic particles on the earth's atmo- 
sphere also produces a scattered flux of protons which has an intensity of 
about 1 p/(cm2. s).    The energy range is  1 to  10 MeV,   and the dose per year 
is probably less than 100 rads. '°' 

Alpha Particles.    Solar alpha particles are considered of secondary im- 
portance in coating damage when compared to the effects of solar-wind protons 
and solar UV irradiations.    Their numbers are less than those of solar 
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protons; their effectiveness on a particle-to-particle basis in producing 
optical damage is comparable to proton-induced damage. '^) 

It should be noted that the charged-particle space environment has in- 
creased importance for coatings over that normally associated with the degra- 
dation of other satellite components and systems.    The charged-particle envi- 
ronment of space has been found to increase in intensity at the lower energies 
and,   at these lower energies,  the particles are almost entirely stopped in the 
satellite surface.    This results in significant energy deposition in the external 
thermal-control surfaces.    The important radiations are the Van Allen and 
solar-wind particles. ^   '   A summary of the various radiation sources is given 
in Table 4.(15) 
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Radiation 
Source 

Type of 
Radiation 

TABLE 4.    EXTERNAL RADIATION SOURCES^15) 

(solar flares) 

Energy, E 

Galactic 
cosmic rays 

Protons 
(~90<7o) 

Alpha 
(~10°/o) 

10 MeV - 1013 MeV 

Solar wind Protons 
(-95%) 

-IkeV 

Solar cosmic 
rav events 

Protons 
(95*) 

Spectrum is very steep 
above 30 MeV (~E"5) 
below 10 MeV, 
spectrum ~E -1.2 

Flux, 
particles/(cm ■ s) 

2 x 108 at 1 AU(b) 

(c) 

Peculiar 
Characteristics 

Least significant 

Low energy restricts 
hazard to surface 
effects 

Energy and number 
of particles released 
per event varies; 

a ,2 10° particles/cm 
for medium flare 

Solar electro- 
magnetic 

Infrared, 
visible, 
ultraviolet, 
soft X-rays 

6000 K black body 
radiator, erratic 
below 1200 A(a) 

Spectrum below 
1200 A^a) depends 
strongly on solar 
cycle 

Trapped 
radiations 

Inner belt 
(1.2 to 3.2 
earth radii) 

Outer belt 
(3 to 1 earth 
radii) 

Aurora 

Protons and 
electrons 

Protons and 
electrons 

Electrons and 
protons 

Energy of protons 
(E ) < 30 MeV (90^0) 

Energy of electrons 
(Ee) < 5 MeV (90fo) 

Virtually all protons 
.   less than 1 MeV 

Ee between 2 and 
20 keV; Ep between 
80 and 800 keV 

Protons:   5 x 10° 
(E > 1 MeV); 

Electrons:   2 x 107 

(E > 0. 5 MeV) 

Protons: 
(E > 10 keV):   109 

Electrons: 
5.2 x 107 e"5E 

(E in MeV) 

1010 (electrons) 
during auroral 
storms; 
< l<fl protons 

(a) A = 0.1 nm. 
(b) AU~ 149.6 Gm. 
(c) Precise prediction of solar-flare activity cannot now be made. 

Flux varies with 
magnetic latitude; 
electron popula- 
tions of both belts 
subject to perturba- 
tions due to high- 
altitude nuclear 
bursts; outer-belt 
protons are non- 
penetrating 

Observed between 
65° and 70° north 
and south magnetic 
latitudes at altitudes 
between 100 and 
1000 km 
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ORGANIC COATINGS 

This section describes the principal coatings that have been studied for 
use as thermal-control surfaces. A summary of available data on the effects 
of space environment on these coatings is presented. 

Zinc Oxide/RTV-602 
Dimethyl Silicone Binder (S-13) 

One of the coatings which looked promising as a thermal-control mate- 
rial was developed by the Illinois Institute of Technology Research Institute. 
It consists of a high-purity zinc oxide (New Jersey Zinc Company,   SP 500)  in 
a dimethyl silicone binder (General Electric,   RTV-602),   with SCR-05 (GE) 
catalyst.     Earlier tests had indicated that the (S-13) coating could be expected 
to have good stability when exposed to UV radiation.    However,   space tests 
showed that the coating did not have the expected stability.    Further investi- 
gation showed that the coating was affected by UV in vacuum,   but that it 
quickly recovered or bleached in the near-IR region when exposed to air. 
Thus,   the tests in which optical properties were measured in air after vac- 
uum irradiation had been misleading.    It was deemed necessary,   therefore, 
to measure optical properties of thermal-control coatings in situ,   that is, 
while in a vacuum and before being reexposed to air. 

Confirmation of this "bleaching" effect may be seen in tests conducted 
in support of the Lunar Orbiter project. '■*•")    The reflectances of coatings 
were measured (1) in air,   (2) in vacuum before UV irradiation,   (3) in vacuum 
after various intervals of irradiation,   (4) in vacuum at varying time periods 
after irradiation,   (5) in an argon atmosphere after vacuum irradiation,   (6) in 
air under reduced pressure after vacuum irradiation,   and (7) in air at atmo- 
spheric pressure after vacuum irradiation.    One of the coatings used in these 
tests was B-1056 produced by the Boeing Company and based on the S-13 
formulation. 

In two of the tests,   argon was bled into the chamber prior to admitting 
air.'ib)    In neither experiment did the B-1056 coating bleach.     The maximum 
exposure to argon was 30 minutes at 0. 5 torr.   Upon admission of air,   two 
samples "bleached",   showing no permanent change in solar absorptance. 
Two samples retained a +1 percent change.     This increase resulted from non- 
bleachable damage in the visible-wavelength region near the absorption edge 
(0. 4-0. 5 microns). 
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Figure B-l shows the relative reflectance of samples of the B-1056 
coating before UV exposure,   after 3 50 ESH in vacuum,   and after air was let 
into the system.    A similar effect was reported at IITRI and is  shown in 
Figure B-2.    A reflectance decrease of about 35 percent at a 2-micron 
wavelength was noted after approximately 800 ESH in vacuum.    Recovery 
when exposed to the atmosphere was almost total after 2 minutes, t1 0    Major 
damage occurred at wavelengths greater than 1 micron and was maximum at 
about 2 microns (see Figure B-l).    The damage bleached out upon exposure 
to air.    It was noted also that no gross bleaching occurred when air pressure 
was less than 10"2 torr.U^) 

Pegasus reported data on the degradation of S-13 for at least 1800 sun 
hours.    As is shown in Figure B-3,  there was good agreement between the 
laboratory (vacuum) data and that obtained on space flights of both Orbiter I 
and Pegasus I.    Data from OSO-III showed a trend with S-13 coating of con- 
tinuous change with exposure to sunlight. (13)    The results compared favor- 
ably with data from Pegasus I and OSO-II,   both near-earth experiments. 
Changes in cxs measured in the near-earth space environment generally were 
much less than those measured in interplanetary space. 

Results from the Mariner V experiment,   which was  continuously ex- 
posed to the solar wind are shown in Figures B-4 and B-5.     This flight was 
launched on June 14,   1967,   encountered Venus on October 19,   1967,   and 
obtained information on interplanetary space.    The TCR (temperature con- 
trol reference) assemblies were continuously sunlit,   and normal to incident 
solar radiation to within less than ±1/2 degree. (18)    Data on apparent solar 
absorptance versus mission duration were obtained for the first 48 days of 
flight,   at which time the temperature reached the upper limit of the sensor 
range and no further data were obtained (Figure B-5).    Since it was the 
change in temperature which was monitored,   solar absorptance was obtained 
by assuming a constant emittance of 0. 86 and a solar intensity of 126. 4 W/ft 
at 1 AU (this value was indicated by early results from the black TCR). 
Absorptance changed from about 0. 23 (less than 1 hour after sun acquisition) 
to approximately 0.41.    This degradation was more rapid than was expected 
based on laboratory tests. *•lo; 

The S-13 coating was also tested on the ATS-I flight and,   again,  degra- 
dation was more rapid than was expected. (19> 2°)    Data are shown in 
Figure B-6. 

Work has shown that the sensitivity of the S-13 coating to UV increases 
very rapidly as the wavelength of irradiation decreases below 300 m/J.( 

29 



See Table B-l and Figures B-7 and B-8.    During UV irradiation in vacuum 
S-13 increases in spectral absorptance near the absorption edge of ZnO.     In 
addition,   it increases considerably in spectral absorptance in the IR region 
which,   as  stated above,   bleaches out when the sample is  returned to the at- 
mosphere.    As  seen in Figure B-9,   IR absorption is wavelength sensitive. 
For approximately the same degradation near the absorption edge,  the short- 
wavelength UV (250 m/i) is more effective in producing the near IR degrada- 
tion than is the longer wavelength UV (3 50 mjJ,). 

Effect of UV and Electron Exposure 

An S-13 coating was subjected to four types of exposure:   UV only, 
electron only,   UV followed by electron,   and simultaneous UV and electron 
exposure. (3)   All UV exposures were 18 ESH and all electron exposures 
were 5 x 1014 e/cm2.     Samples receiving sequential exposure remained 
in situ between exposures.    All reflectance measurements v/ere made in situ. 
Table B-2 shows the spectral-reflectance changes after the four types of ex- 
posure.    It may be seen that initial UV exposure preconditions the S-13 coat- 
ing so that later electron exposure leaves it less degraded in reflectance than 
an electron-only exposure dose. (3)    The extent of degradation also appears 
to depend on the ratio of exposure rates of electron and UV radiation. 

Effect of UV and Proton Exposure 

An S-13 coating was subjected to UV,   10 keV proton,   and combined 
(sequential) UV and proton exposure at room temperature (298 K) and 10"7 

torr. (22)    The effects of proton radiation are shown in Figures  B-10 and 
B-ll.    The characteristic curve for zinc oxide susceptibility to proton dam- 
age may be seen.    There appears to be no rate effect.    Also shown in 
Figure B-10 is the fact that the coating showed a bleaching in the IR after 
remaining in the vacuum chamber for approximately 74 hours.     Increasing 
the dose from 1015 to  10 ^ p/cm2 almost doubled the peak change in absorp- 
tance with approximately 5 percent greater damage in the IR range.     The 
effect of ultraviolet radiation (750 sun hours) was slight.     There was a slight 
absorptance peak near 0. 4/i and less change in the IR than had been found 
with the zinc oxide/potassium silicate coating.    See Figure B-12. 

The effects of the combined (sequential) environment are shown in 
Figures B-13 to B-l6.(22)   After a dose of 1015 p/cm2,   there is little dif- 
ference between the sum of the individual environments and the combined en- 
vironments except in the IR,  where the effect of the sum is greater than the 
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effect of the combined environments.    Figure B-15 shows that the absorp- 
tance peak around 0. A\i was considerably greater for the low dose rate than 
for the higher dose rate with approximately the same damage in the IR range. 

Zinc Oxide [SP-500]  Coated With 
Potassium Silicate/RTV-602 Silicone (S-13G) 

Illinois Institute of Technology Research Insititute (IITRI) developed a 
formulation using a potassium silicate protected ZnO in RTV-602 silicone 
binder and designated the coating as S-13G.    This is more resistant to UV 
in a vacuum than the S-13.    The coating,   catalyzed with GE's SRC-05 
catalyst at a 0. 4 percent by weight level based on the RTV-602 solids,   cures 
to the touch in 4 to 6 hours and can be handled in 16 hours.    The  uncured 
paint possesses a shelf life in excess of 3 months.    An 8-mil film of S-13G 
has an as of 0. 19 ± 0. 02 and an emittance of 0. 88 ± 0. 05.    Aas is 0. 03 for 
1000 ESH employing in situ postexposure reflective measurements and 
AH-6 lamp irradiation. ( * '' 

An S-13G specimen employing a sifted pigment that was not dry ground 
prior to a 3-hour paint-grinding operation exhibited an increase in solar ab- 
sorptance of 0. 01 in 1400 ESH of irradiation . (23)   A specimen employing pig- 
ment that was first hand mulled and then wet ground for 3 hours exhibited a 
Act    of 0. 05; a specimen prepared from hand-mulled pigment that was wet 
ground 5-1/2 hours exhibited a Aas of 0. 06 in 1400 ESH.    Since sifting as a 
method of insuring sufficiently deagglomerated particles is highly inefficient, 
a compromise method is employed consisting of wet grinding unsifted,   un- 
ground silicate-treated pigment for 7 hours in the RTV-602 vehicle.    A coat- 
ing prepared in this way exhibited a Aag of 0. 02 in the 1400 ESH test. (23)   A 
grinding period of 4 to 5 hours is usually required to produce a satisfactory 
coating.    The presence of potassium silicate on the zinc oxide severely re- 
tards the formation of IR absorption bands (2.12 microns).    However,   in pro- 
cessing this material,  considerable color center sites are formed leading to 
damage under UV irradiation in the visible-wavelength region. (16)   This il- 
lustrates the importance of the methods used for preparing the coating. 

There has been almost a continual development of S-13G regarding its 
manufacture and mechanical treatment in its manufacture. The formula for 
this paint as reported at the 3rd AIAA Thermophysics conference,  was:1 
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Components Weight,   lbs 

Silicate-treated SP500 ZnO 25 
RTV-602 silicone resin (GE) 12 
S-13G mixed thinner 14 

(Comprising,  percent) 

Toluene 40 
Xylene 20 
n-butanol 15 
Isopropanol 20 
Butyl acetate 5 

The treatment of the ZnO involved a reaction of the pigment,  SP-500 
ZnO (New Jersey Zinc Co. ),   with PS-7 potassium silicate (Sylvania Electric 
Co. ) at a temperature of 165 F.    After the reaction,  the filtered cake was 
wrapped in Mylar and allowed to "sweat" for 18 hours.    The pigment aggre- 
gates were deliberately kept large,   around 80 mesh,   to prevent damage to 
the optical properties of the pigment and (for the same reason) a minimum 
of grinding was used in preparing the paint. ^     ' 

Figure B-17 shows the spectral reflectance of the S-13G coating before, 
exposure,   after exposure to UV while still in a vacuum,   and after air was 
admitted to the chamber. (1°)   The effect of UV exposure to S-13G may be 
seen also in Figure B-18.    Decreases in reflectance in the UV,  visible,   and 
IR wavelength regions after UV irradiation were as follows:'      ' 

UV Exposure, Decrease (Increase) in Reflectance,  AR = R^-R£ (%) 

ESH 2 50 m;u 425 m(J 2100 m/J 

135 (3) 
250 (2) 
490 (2) 
770 

1130 0 

Figure B-19 shows the laboratory data and those obtained from Lunar 
Orbiter II flight.    It will be noted that there was not good agreement for the 
S-13G coating between laboratory-test and flight data.    The reported labora- 
tory tests were conducted near 70 F.    Lunar Orbiter II deck temperature 
experienced considerable thermal cycling due to the orbit of the spacecraft. 
The orbit about the moon was 3-1/2 hours,   with about 30 percent of the time 
in the dark.    It was believed that this changing thermal input might have 
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caused failure of the adherence or cracking in the top coat.    In either case, 
the thermal properties would change.    Another reason for the discrepancy 
between the flight and laboratory data is the fact that the latter did not in- 
clude the effects of particulate radiation.    Figure B-19 also shows the in- 
crease in Aas for the S-13 coating (Boeing B-1056) which occurred on Lunar 
Orbiter I so that a comparison may be made of the behavior in space of the 
two coatings,   S-13 and S- 13G. < l6> 

Coating S-13G was also tested on Lunar Orbiter IV and tested over 
B-1056 (Boeing) on both Lunar Orbiters IV and V.    The latter coatings were 
used as a reference because the equipment-mount decks (EMD) of these two 
spacecraft were painted with S-13G over B-1056 and it was desired to have 
a test coupon of the same coating system as the EMD. '^°'    The S-13G coat- 
ing was 10 mils in thickness and had an absorptance value,  as = 0. 184.    With 
the S-13G over the B-1056,  the undercoat was  10 mils,  while the S-13 G over- 
coat was 2 mils.    Initial absportance was ag = 0. 191-     Initial reflectance ver- 
sus wavelength is given in Figures B-20 and B-21.    Also in Table B-3 are 
the initial absorptance/emittance ratios from flight measurements.    Figures 
B-22 and B-23  show the changes in as/e of these coatings during the Lunar 
Orbiters IV and V flights. 

Figure B-24 shows the degradation of test coatings on Lunar Orbiter IV 
and the comparative test on Lunar Orbiter V for S- 13G/B- 1056.    Figure B-25 
shows the degradation of coatings on Lunar Orbiters I,  II,   and V.    A com- 
parison of these figures will show: 

(1) Differences between Orbiter V test coupon and EMD's on 
Orbiters I and II are no greater than differences between 
the Orbiter IV and Orbiter V coupons. 

(2) S-13G coating over B-1056 lessened degradation experienced 
by B-1056 alone up to about 800 sun hours.    After that time 
the S-13G/B-1056 curve for Orbiter II merged with the 
B-1056 curve for Orbiter I. 

(3) The calorimetric UV test predicted much less degradation 
on B-1056 than was experienced in flight.    It is suggested 
that temperature of the paint during exposure may be par- 
tially responsible for this disparity.     The specimen 
temperature in the calorimetric test was from 9 to 3 0 F, 
whereas Lunar Orbiter deck temperatures ranged from 
40 to over 100 F. 
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Comparing the results of the S-13G coatings tested on the Mariner V 
with those obtained from Lunar Orbiter IV (see Figure B-26),   it will be 
seen that the increase in solar absorptance for each coating was approxi- 
mately equal.    The solar absorptance of the S-13G on the Lunar Orbiter 
was initially lower than that on the Mariner. <     > 

Preliminary results of the OSO-III flight experiment indicated only a 
0. 04 increase in solar absorptance in 1000 ESH.    When compared to the 
0. 12 increase for the same exposure time on the Lunar Orbiter,   a substan- 
tial difference in the results of these two flight experiments is clearly 
shown. (14)    The OSO experiments were in a near-earth environment,   be- 
low the earth's Van Allen belt,   and therefore exposed primarily to UV 
radiation and micrometeoroids.    The Mariner and Lunar Orbiter experiments 
passed through the Van Allen radiation belts and thus were exposed to all the 
listed environmental parameters.    Although there were variations in the pro- 
cessing parameters among the versions of S-13G prepared for testing on the 
three flight experiments,   a consideration of these variations does not show a 
significant reason why the OSO experiments should record much lower de- 
gradation rates; therefore the change must be attributed to the environmental 
parameters. (14)    There appears to be a definite difference in the degradation 
rate of thermal-control coatings between the near-earth orbital environment 
and the interplanetary or lunar environment. 

Effect of Electron Bombardment 

When irradiated with 50-keV electrons at 22 C,   zinc oxide-,   ethyl 
silicone sample types (S-13,   S-13G,   and a zinc oxide-Dow Corning Q92-016 
methyl silicone coatings) had their greatest reflectance losses in the IR 
region.    These showed the greatest loss of reflectance in the IR region of 
the various coatings tested.    The S-13G appears to be the most sensitive of 
the ZnO-methyl silicone specimens.    However,   the loss of reflectance in 
the visible region was much less than that of many other sample types. (3) 
Figure B-27 shows the effect of 50-keV electrons on an early formulation of 
S-13G coating after electron bombardment. (25)    The decrease in reflectance 
was  11 percent at 590 mjJ. after 6 x 1014 e/cm2,   and 20 percent at 2100 m/i 
after the same dose.    Initially a rapid decrease of reflectance in the IR 
region occurred,   which eventually tended to saturate.    However,   in the 
visible region,   the buildup of damage was  slow at first and then more rapid 
at high exposure. ("' 

Coatings S-13,   S-13G,   and Goddard 101-7 (treated ZnO/methyl sili- 
cone) were exposed to 20-keV,   50-keV,   and 80-keV electrons separately to 

34 



doses of lO1^ e/cm2. (     '   It may be seen in Figures B-28 to B-30 that these 
coatings are susceptible to electron damage,   particularly at the higher 
energy levels.    It was found that after exposure to ZO-keV electrons,   sam- 
ples (maintained in a vacuum and not exposed to light) partially recovered in 
reflectance values.    However,   exposures to the same dose had the same re- 
flectance values regardless of whether or not exposure was continuous. v     ' 

Proton Damage 

The S-13G coating was exposed to proton bombardment (E= 20 keV) and 
sustained threshold degradation at 1014 p/cm2,  moderate degradation at 
10^-5 p/cm2.   and severe damage at lO*" p/cm2. (*>)    jt was also exposed to 
10-keV proton,   UV,   and combined (sequential) proton and UV(22) at room 
temperature and lO"? torr.    The effect of proton radiation on this   material 
is shown in Figure B-31.   The coating showed the characteristic   damage 
curve for ZnO with about the same affects as the S-13 irradiated with con- 
tinuous low current.    The effect of UV only is shown in Figure B-32.    The 
change in solar absorptance is greater (around 0. 4 micron) than for the S-13 
or the ZnO/K^SiO^ with virtually no damage in the IR range.    The effect of 
combined (sequential) environment simulation is shown in Figure B-33. 
Bleaching of the proton damage in the IR range has apparently occurred. 

The S-13G coating was tested for the effects of thermal cycling.     Test 
cycle consisted of holding at test temperature,   395 K or 533 K,   for 1/2 hour, 
cooling to near-liquid-nitrogen temperature for 6 hours,   and then letting the 
sample slowly increase to ambient temperature (300 K) over a period of 
17. 5 hours.     Coatings were thermally cycled 4 times before examination. 
No evidence of cracking or spalling of the coatings was observed by the un- 
aided eye or at 100X magnification. (2°> 

B-1060 

A modification of the S-13G is B-1060 produced by the Boeing Company. 
According to their work,   the sensitivity of their B-1056 paint to damage 
under UV vacuum exposure was dependent upon catalyst concentration and 
differed from batch to batch.   Boeing then developed a paint using the silicate- 
treated zinc oxide,  RTV-602 (GE silicone binder),   and 1, 1, 3, 3-tetramethyl 
guanidine (TMG) as catalyst. (2^)    The formulation follows: 

Pigment ZnO (potassium silicate-treated SP-500) 
Resin RTV-602 (GE) 
Catalyst 0. 2 percent 1, 1, 3, 3-tetramethyl guanidine (TMG) 
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The stability of the paint to ultraviolet is indicated in the following 
data:(26) 

Initial absorptance 0. 194 

Aas after 0. 55 ESH UV 0.003 

Aas after 2. 2 ESH UV 0. 005 

Aas after 8. 8 ESH UV 0.007 

Aas after 125 ESH UV 0. 028 

Aas after 1014 50-keV electrons/cm2 0.007 

Reflectance curves showing the wavelength at which damage occurs are 
shown in Figures B-34 and B-35. 

Initial absorptance/emittance of flight coupons carried on Lunar 
Orbiter IV are given in Table B-3.    The increase in absorptance on exposure 
to the sun during flight is shown in Figure B-24.    Laboratory in situ degra- 
dation of B-1060 is also shown in Figure B-24.    In this case,  the laboratory 
data indicated greater degradation than was experienced in flight.    Most of 
the change in absorptance (Aa    = 0. 028) experienced by the B-1060 in the 
laboratory was due to increase in absorptance in the short-wavelength region 
around 400 mfi,   and not due to the zinc oxide "IR anomaly". 

The coatings tested on Lunar Orbiters IV and V are listed below in 
order of increasing degradation experienced in 1000 equivalent full sun hours 
of flight:(26) 

Coating 

Z-93 (McDonnell) 

Silicone Over Aluminum 
(Boeing) 

Hughes Inorganic H-2 

B-1060 (Boeing) 

Hughes Organic H-10 

S-13G (IITRI) 

S-13G B-1056 

Flight data for these coatings are given in Figures B-22 and B-23 
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SP-500 ZnO dispersed 
PS-7 potassium silicate 

RTV-602 over aluminum foil, 
0. 15% TMG 

TiOz in PS-7 

Modification of S-13 paint 

Calcined china clay dispersed 
in RTV-602 

Aas After 
1000 Sun Hours 

0. 049 

0. 081 

0 089 

0 091 

0. 120 

0. 123 

0. 168 



Titanium Dioxide-Silicone Coatings 
(Thermatrol White Paint) 

Based on the properties of the ZnO-silicone coatings,   it would be antic- 
ipated that work would also be directed toward the development of a titanium 
dioxide-silicone coating.    Such has been the case.    However,   difficulty has 
been encountered in obtaining a coating stable to UV and/or ascent heating.(9) 
In general,  these coatings show good stability in the  UV and IR wavelengths 
of the solar spectrum,   but when subjected to UV radiation,  their reflectance 
in the visible wavelengths is considerably decreased.    They are resistant to 
electron bombardment up to 10 15 e/cm2,   but are susceptible to proton de- 
gradation.    The pigment is very susceptible to proton damage. (22)   The 
coating is resistant to nuclear radiation (10° rads) and to a combined nuclear 
and UV environment. 

Lockheed developed a coating known as Thermatrol 2A-100 which con- 
sisted of a 1:1 weight ratio of Titanox RA-NC pigment and Dow Corning 
Q92009 silicone binder.     This binder is a polymethyl vinyl silicone and the 
pigment is a rutile Ti02 which has been given a surface treatment.    The pig- 
ment consists of 94 percent TiC>2,   1. 8 to 2. 4 percent A1203,   0. 6 to 2. 0 per- 
cent SiOz,   and 0.5 to  1.4 percent ZnO.(28'29'30)    The as/e ratio of the paint 
is 0. 19.    It can be applied as a paint and cured at room temperature or used 
as a precured tape with a pressure-sensitive silicone adhesive. 

Several modifications have been made to improve the coating,   and 
some of the data which follow are for earlier formulations.    However,   on the 
basis of available information,   it is believed that the conclusions are applic- 
able to the current commercial product.    It is known that the surface treat- 
ment of the pigment is important to the UV stability of the paint,   and one of 
the problems is to incorporate the pigment into the binder without affecting 
the surface of the pigment particles. 

Thermatrol 2A-100 was exposed to a xenon source (AH-6 lamp) at a 
1-sun level (0. 20 to 0. 40 M) for 500 hours in a vacuum at a temperature of 
395 K (122 C).    In situ values of before and after exposure were as = 0. 18 
and 0.3 2,   respectively. (27)    The total hemispherical emittance remained 
essentially   constant at 0. 85 ± 0. 003 for the two samples tested.    The change 
in solar absorptance appeared to reach a saturation value of 0. 14 after 
300 to 400 hours of exposure at this temperature. (28) 

In another test,   only slight damage was found when a Ti02 /silicone 
(Ti Pure R-960 in RTV 602 silicone) coating was subjected to 190 sun hours 
UV at room temperature and 10~7 torr. (22)   See Figure B-36. 
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A rutile TiO?/methyl silicone (GE RTV 602) coating was found to offer 
the best stability of the white diffuse coatings to an electron environment 
(20 keV,   50 keV,   and 80 keV), providing a dose above lO^ e/cm2 was not en- 
countered. (    ''   However,   at 10*° e/cm2 (E=80 keV) catastrophic degradation 
occurred.    An anatase TiG^/methyl silicone (Q92009) degraded more at lower 
fluences,   but did not degrade to as great an extent at 10l° e/cm   .    Compare 
Figures B-37 and B-38.     Titanium dioxide-methyl silicones were found to be 
less sensitive to a reflectance change in the IR region than the zinc oxide- 
methyl silicone samples when exposed in situ to 50-keV electrons.    They 
suffered more significant reflectance loss in the visible region,  however.\^> 
The most radiation resistant of this type coating were the rutile titanium 
dioxide-GE RTV 602 methyl silicone and rutile TiO^-Dow Corning XR 
6-3488 methyl silicone coatings.    However,   the TiÜ2GE RTV 602 appeared 
to craze when subjected to  10^5 p/cm2 at 22 C.    Figure B-39 shows the 
effect of proton radiation on the Ti-Pure R-960/RTV 602 silicone coating. 
At 3 x 10 15 p/cm   ,  the spectral curve has the characteristic peak of ZnO 
but does not return to near zero in the visible range as does the ZnO. (22) 

An anatase titanium dioxide-methyl phenyl silicone (OAO Pyromark 
Standard White) coating was subjected to four types of exposure:    UV only, 
electron only,   UV followed by electron,   and simultaneous UV and electron 
exposure.    All UV exposures were 18 ESH and all electron exposures were 
5 x 10       e/cm2 (E = 50 keV).    Samples receiving sequential exposure re- 
mained in situ between exposures.    All reflectance measurements were 
made in situ. 

As may be seen in Table B-4,   reflectance changes from combined ex- 
posures are less than additive, with consecutive exposure (UV followed by 
electron)  causing significantly less damage than simultaneous  exposure.     In 
much of the wavelength region measured,   simultaneous exposure resulted in 

(3) less degradation than electron-only exposure. v   ' 

The effect of UV radiation only on this coating is shown in Figure B-40. 
Changes after 1130 ESH for this coating were 3 percent at 250 m/J,   67 percent 
at 425 m/J,   and 2 percent at 2100 mp (UV,   visible,   and IR wavelengths). ^     ' 

This coating when subjected to 20-keV protons reached threshold damage 
at 10^4 p/cm   ,   moderate damage at  10   -> p/cm^,   and sustained severe de- 
gradation at lol" p/cm   . '^) 

Thermatrol 2A-100 was exposed to nuclear radiation,   1. 3 x 10° rads 
(C),   1.9 xlO13 n/cm2 (E<0. 48 eV),   and 5. 6 x 1014 n/cm2 (E>2.9 MeV). 
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No change in solar absorptance was noted,  the value remaining at 0. 16.    Also 
(3 I) there was no change in hemispherical emittance.''     ' 

A titanium dioxide-silicone white paint which is used on the outer shell 
of the service-module fuel-cell bay of the Apollo spacecraft was mounted on 
the service module and command module of Apollo 9. ^32'   During the extra- 
vehicular activity period,   the astronauts removed the samples along with 
samples of ZnO/K^SiOß and chromic acid anodized aluminum.     These speci- 
mens were the first to be returned to earth from space unaffected by reentry 
conditions.    Exposure to space was approximately 73 hours. 

The sources of contamination to which these samples were exposed 

included:(32) 

Plume impingement 

Boost heating effects 

Outgassing products of ablative materials 

Pyrotechnic discharge products 

The natural space environment. 

Degradation of the titanium dioxide-silicone coating resulted in a 42 to 
67 percent in absorptance increase,   and in a slight increase in emittance. 
Absorptance increased from 0. 24 to between 0. 34 and 0. 40.    Emittance in- 
creased from 0. 86 to 0. 88.    Although degradation occurred,  the absolute 
values were well within acceptable limits for the Apollo lunar-landing 
missions. (32^    It should be noted,   however,  that samples were not brought 
back to earth in vacuum and therefore the effect of solar exposure in space 
may not be accurately reflected in the above figures. 

An anatase TiOz (Titanox AMO) in Dow Corning Q92-090,   a methyl 
silicone,  was tested on the ATS-I satellite. U^O) In this flight, a/e for this 
coating increased over 200 percent.    See Figure B-41.    This was more than 
had been anticipated from laboratory measurements. 

Hughes Organic White Paint (H-10) 

This coating is made with a calcined china clay (Plasmo clay,  which is 
primarily aluminum silicate) dispersed in General Electric RTV-602 silicone 
resin.      Initial solar absorptance as  a function of wavelength is shown in 
Figure B-42.    It was tested on the   Lunar Orbiter V and found to be equivalent 
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to the S-13G coating.    Initial absorptance/emittance values are given in 
Table B-3.    Solar absorptance,  as,   obtained in the laboratory was 0. 147 and, 
after 1000 sun hours of flight on the Lunar Orbiter V.    Aas = 0. 120. (26) 
Changes in a/£ during the Lunar Orbiter V flignt are shown in 
Figure B-23.(14) 

Leafing Aluminum/Phenylated Silicone 

Leafing aluminum in a phenylated silicone binder showed moderate 
losses in reflectance after exposure to 10^' p/cm12 (E = 20 keV).     Exposure 
was at 22 C.    The losses were confined to wavelengths shorter than 0. 7 
microns.     On the other hand,   reflectance as measured in situ increased at 
wavelengths longer than 0. 7 microns.     Thus a determination of solar absorp- 
tance would show little change due to proton exposure. (-^) 

This coating was also  subjected to  10^°  e/cm^ (E = 20 keV and E = 
80 keV) and found to be extremely resistant to reflectance change. (27)   gee 

Figures B-43 and B-44. 

Exposed to 50-keV electrons,  this coating underwent practically no 
reflectance changes throughout the measured region to a dose of 8 x 10 
e/cm    and only small changes were observed after 8x10       e/cm   .    At 
2100 rrijU,   reflectance decreased 3 percent after exposure to 6 x lO^4 e/cn 
and 8 percent after 8 x 10^ e/cm^. 

(3) Exposure to UV resulted in the following decreases in reflectance.     ' 

Exposure, Decrease (Increase)  in Reflectance,   percent 
ESH 

135 
250 
490 
770 

1130 

250 m H 425 m V 2100 mfJ 

10 1 (2) 
13 1 1 
17 2 

3 
4 

1 

24 1 

Silicone Over Aluminum 

Lunar Orbiter V carried a specimen of 1/4-mil  1145-0 aluminum- 
alloy foil over which was applied 3. 8 mils of RTV-602 silicone catalyzed 
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with 0. 15 percent TMG (1, 1, 3, 3-tetramethyl guanidine). Figure B-45 shows 
the reflectance of the foil substrate as a function of wavelength and the initial 
reflectance of the silicone-aluminum composite as a function of wavelength. 

Evaluation of UV stability,   in situ,   was made on a film of RTV-602 
silicone. (2&)    The film was 2. 6 mils thick over 2024 clad aluminum and was 
catalyzed with 0. 15 percent TMG.    Figure B-46 shows the reflectance of the 
silicone-aluminum composite unexposed,   and after 336 and 1141-ESH UV ex- 
posure measured in situ.     The data show no measurable degradation of the 
silicone after 336 ESH of UV.    The 1141-ESH exposure resulted in an in- 
crease in absorptance below 540 millimicrons and a decrease in absorptance 
above 540 millimicrons,   with a net Aa of 0. 012.    Laboratory in situ degrada- 
tion of the silicone-aluminum coating is plotted in Figure B-47.    It may be 
noted that there is a large disparity between the in situ value and the flight 
values obtained from Orbiter V.    However,  the silicone over aluminum has 
about the same stability as Hughes inorganic coating and as B-1060,   but it 
is less costly to apply than any of the other coatings tested on Lunar 
Orbiters IV and V.    The change in absorptance,   Aag,   after  1000 sun hours 
in flight was 0. 081,  which was  surpassed only by the Z-93 coating.    Flight 
data for Orbiter V are shown in Figure B-23. 

Silicone-Alkyd-Modified Paints 

Fuller Gloss White 

Fuller Gloss White is a TK^-pigmented silicone-modified alkyd coat- 
ing in production use that requires a 465 F cure.    Its initial solar absorp- 
tance is 0. 25 while its initial hemispherical emittance is 0. 90.    It has fair 
optical stability in an UV environment,   but good optical stability in electron, 
gamma,   and neutron environments.    It degraded more than the algebraic 
sums of the two individual environments in sequential exposure (UV followed 
by electron). 

Lockheed found that absorptance changed by 0. 09 ± 0. 05 after 2000 sun 
hours.     Tested for thermal-cycling resistance,  the coating cracked and 
showed a loss of adhesion after 170 cycles of -240 to 70 F,   taking  18 minutes 
per cycle, w-3) 

Ascent temperature is limited to 650 F. '     '    The effect of ascent 
heating is  shown in Figure B-47. (9) 
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Fuller Gloss White showed excellent stability when irradiated (gamma 
and neutron) to 108 rads (C) in vacuum at 100 F. (33)   Solar absorptance 
before and after irradiation was 0. 26.    Hemispherical emittance,   0. 84,   was 
unaffected. (     ' 

An exposure of 850 sun hours in vacuum caused a change of solar ab- 
sorptance from approximately 0. 25 to 0.32.    (See Figure B-48).    Optical 
property degradation was marginal in the  UV-only environment. (31) 

PV-100 (Ti02 in a Silicone Alkyd Vehicle) 

General Dynamics tested PV-100 coating,  manufactured by Vita-Var 
Paint Company,   and found that it was degraded by  10l6 p/cm2 (E = 3 keV) in 
the visible and IR regions. (34)    See Figure B-49.     Spectral reflectance 
also decreased in these regions when the coating was  subjected to electron 
irradiation (145 keV).    See Figure B-50.    Damage is not proportional to 
dose,   but approaches a saturation level at a dose not much   greater than 
4 x 1016 e/cm2 (145 keV). (34) 

Acrylic Paints 

The best known acrylic paint used as a thermal-control material is 
White Kemacryl,   a Ti02-pigmented acrylic flat paint manufactured by 
Sherwin-Williams.    The paint is cured at room temperature and has an 
initial solar absorptance of 0. 24.    Initial total hemispherical emittance is 
0. 86.    It has good optical stability in an electron environment,   but poor 
optical stability in an UV environment. (35)   Some mechanical damage was 
observed after this coating had been subjected to an electron environment. 
When exposed to electron and then UV irradiation,  the paint degraded more 
than the results of the two   environments separately would predict.    Small 
blisters were formed on the Kemacryl  coating.    It was believed that these 
were most likely caused by electron-induced decompositon products.    It 
was concluded that these surface alterations had no detrimental effect on the 
mechanical integrity of the coating.    It was also estimated that the blisters 
had no measurable effect on solar absorptance. 

Lockheed exposed the coating to 100 and 850 sun hours of UV and re- 
ported as/e   as increasing from 0. 30 to 0. 35 after  100 hours and 0.40 after 
850 sun hours,   respectively.     The maximum allowable ascent temperature 
was given as 450 F providing alterations in surface finish,   and solar absorp- 
tance due to bubbling can be tolerated.     Otherwise the maximum temperature 
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encountered must be less than 200 F. (9)   See Figure B-51 for the effect of 
ascent heating on solar absorptance. 

Tinted white Kemacryl lacquer (Sherwin-Williams M49WC17    room- 
temperature cured) was  subjected to nuclear radiation in vacuum. <■ 
Emittance did not change.    Data shown in Figure B-52 indicate an increase 
in a    from 0. 28 to 0. 32 after an exposure of 5 x 107 rads (C),  but no fur- 
ther* change at 2. 5 x 10° rads (C).(31)   However,  degradation of optical prop- 
erties was considered unsatisfactory after 10° rads. 

UV exposure of 1000 sun hours increased a,, from approximately 0. 26 
to approximately 0.38. (31)   See Figure B-48.    In combined nuclear and UV 
radiation,   this paint turned brown and bubbled. (31)    Exposure was 920 sun 
hours of UV and 7. 1 x 1013 n/cm2 (E< 0.48 eV),   4. 6 x 10*4 n/cm2(E> 
2.9 MeV),   and 1. 1 x 10° rads (C) gamma.    Temperature was  180 F. 

A MgO/Acrylic coating supplied to General Dynamics by Wright- 
Patterson Air Force Base was subjected to 1016 p/cm2 (E=3 keV),   and some 
loss in reflectance was noted in the UV and visible regions. (34)   See 
Figure B-53. 

Poly vinyl Butyral 

Butvar (polyvinyl butyral) has been considered for use as a thermal- 
control finish because of its excellent film-forming characteristics and good 
UV stability. (36^    It surpasses the acrylic polymers in adhesion and flexi- 
bility,   but its stability to the heat which may be encountered during ascent 
conditions rules it out as a good candidate for a surface coating for outer 
space use.    Its softening point is approximately 125 C.    A further limitation 
is the existence of two moderately strong absorption bands at 1. 7 and 2. 3 
microns which tend to make the solar absorptance-dependent on thickness 
as well as the emittance.     The change in solar absorptance and emittance 
with film thickness on an aluminum backing is  shown in Table B-5. 

Epoxy Coatings 

White Skyspar 

White skyspar is an enamel consisting of a Ti02-pigmented epoxy-base 
paint which is in commercial production (Andrew Brown Co.).    It cures at 
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room temperature and has an initial solar absorptance of 0. 25 and an initial 
total hemispherical emittance of 0.91.A     '   It is stable to electron bombard- 
ment,   but degrades under UV irradiation.     Lockheed reports initial as/e 
as 0. 24; change in absorptance (Aas) is reported as 0. 35 ± 0. 06 after 
2000 sun hours. ^'   The maximum allowable ascent temperature is 450 F. (9) 

Skyspar was flown aboard OSO-I and OSO-II Satellites.    Agreement be- 
tween laboratory tests and flight tests was extremely poor,   varying several 
orders of magnitude.    However,   agreement between the OSO-I and OSO-II 
data was excellent. (^1)    The main cause of coating degradation during near- 
earth satellite experiments can be attributed to absorbed solar-UV radiation 
since low-energy solar-wind protons are effectively shielded from the orbits 
of the satellites,  OSO-I and -II and Pegasus I,   II,   and III,   by the earth's 
magnetosphere.    It is believed that inadequate simulation of solar-UV radia- 
tion is the main factor in the presently observed discrepancy between flight 
and laboratory data.     Another factor is the lack of temperature control in the 
laboratory tests. 

The threshold wavelength for degrading the reflectance of Ti02/epoxy 
coatings is between 260 and 290 mjU (4. 7 and 4. 2 eV)'21'.    Olson,   McKellar, 
and Stewart reported that photons with energies less than 4. 2 eV resulted in 
increased absorption primarily in the visible and IR,   whereas photons of 
greater energy produced damage primarily near the UV absorption edge. (38) 
Figure B-54 shows the absorptance changes due to irradiation with a band 
centered at 260 m^ and with a band centered at 3 50 mfi.     The two curves 
have been normalized to equal change in solar absorptance.    It will be noted 
that with the 260-mpi irradiation,   the induced solar absorptance occurred 
primarily near the absorption edge of Ti02,   and the degraded sample had a 
yellow appearance.    For the 3 50-mfi incident radiation,  the induced absorp- 
tance extended through the visible and near-IR regions,   and the sample ex- 
hibited a grayer appearance.     The absorption edge of the epoxy binder is 
located at about 290 m/J.     Thus the high absorptance and poor stability of the 
epoxy resin undoubtedly have a strong effect on the sensitivity to wavelengths 
shorter than 300 mfi. 

Skyspar enamel was  subjected to nuclear radiation in a  vacuum.    As 
seen in Figures B-48 and B-52,  this coating showed poor stability to UV and 
only fair stability to nuclear radiation.    It was tested for nuclear-radiation 
stability at temperatures of -100,   0,   100,  and 200 F to an exposure dose of 
2. 2 x 106 rads (C),   0. 6 x 1013 n/cm2 (E < 0. 48 eV),   lxlO14 n/cm2 (E > 
2.9 MeV).    Changes in as are shown in Table B-6.    The greatest increase 
was Aas = 0. 06 at 200 F.    At 0 and -100 F,  there was no change.    There was 
no change in hemispherical emittance. (   ^ 
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At a dose of 5 x 10    rads (C),  a    of this material changed from 0. 23 to 
0. 30 and at a dose of 2 x 10^ rads (C),  as changed to 0. 35.    Temperature 
was about 100 F. (31) 

Epoxy Flat Black ("Cat-a-lac") 

Another epoxy coating is "Cat-a-Lac" flat black which consists of a 
carbon pigment in an epoxy binder.    It is widely used as a spacecraft black 
coating.    Its reflectance does not vary with wavelength,   thus the coating 
is insensitive to spectral discrepancies between the sun and a solar simu- 
lator. (18)    it was one of the test surfaces on the Mariner IV absorptivity 
standard,   and data indicated good coating stability in the space environment. 
On the Mariner V flight,   this coating showed an unexpected apparent bleach- 
ing of approximately 4 percent.    It was significantly larger than anything 
observed in the laboratory.    Simulation testing indicated a change of the 
order of 1 percent in solar absorptance for equivalent exposure.    This 
bleaching is unexplained.    Although it probably is not serious from a thermal- 
control standpoint,   it adds to the discrepancies found between laboratory and 
flight data. (18) 

Polyurethane Coatings 

A Magna-Laminac X-500 polyurethane flat chromium green paint has 
thermal properties similar to the flight-type solar cells.'39' Their optical 
properties are as follows: 

Coating Absorptance (a)     Emittance (e)       a/e 

Flight-type solar cell 0.71 0.82 0.865 
X-500 polyurethane paint 0.71 0.85 0.835 

No information was reported on its stability in a space environment. 
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INORGANIC AND COMPOSITE COATINGS 

Inorganic coatings in general are more resistant to space radiation 
than are organic coatings.    However,  they generally are not as convenient to 
apply,  and in many cases require an elevated-temperature cure. 

Silicates 

Probably the inorganic binder most frequently used for coatings is so- 
dium silicate.    Of these silicate coatings the most important has been lithium 
aluminum silicate paint. 

Lithium Aluminum Silicate Paint 
(Lithafrax) 

This coating consists of commercial lithium aluminum silicate (Litha- 
frax 2123) in a silicate binder (sodium silicate D).    It requires a 390 F cure 
and has the composition 4(Li20-A^Oß-8Si02)Na2Si03.    Initial absorptance 
and emittance values are reported as 0. 15 and 0.87,   respectively. (37) 

Spraying gives excellent coatings,  but brushing or dipping results in 
poor adhesion and poor coverage.    Minute amounts of contamination seriously 
alter both the initial a

s/e ratio and the UV resistance of the paint.    In addi- 
tion,   the paint cannot be adequately cleaned once it is contaminated or soiled 
after application.    Consequently,   extreme care must be taken to prevent con- 
tamination of both the paint itself prior to application and the painted surface 
after application.    After application,   the resultant surface should be treated 
as an optical surface with protection provided from dirt and contamination. 
The surface should be handled only with clean,  white cloth gloves. 

The method of application,  temperature of cure,  and susceptibility to 
soiling limits the use of this paint.    However,  its UV resistance is good, 
having an initial absorption of 0. 13 ± 0. 03; ag = 0. 19 ± 0. 03 after exposure 
to 600 sun hours of UV irradiation.    It will survive a 230 C ascent heating 
environment with no change in optical properties. 

Although Lithafrax is stable under UV-vacuum radiation,  it degrades 
severely under electron-vacuum bombardment (E =  0. 80 MeV). (^7) 
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The Lithafrax coating bleached when exposed to UV after being exposed 
to electron bombardment,   and as after the sequential exposure of electron 
and UV was less than the sum of the separate effects of electron bombard- 
ment and UV radiation. 

A Lithafrax/sodium silicate coating was subjected to nuclear radiation 
and to a combination of UV and nuclear radiation while in a vacuum.    Irradi- 
ated to a dose of 5 x 107 rads,   this coating changed in ag from 0. 14 to 0. 20. 
At a dose of 2 x 108 rads,   <xs was equal to 0. 28. (31)   Hemispherical emit- 
tance,   eh,   did not change.    Figures B-48 and B-52 show that the Lithafrax/ 
silicate coating is relatively stable in an UV environment,  but it degrades 
severely in a nuclear environment.    It was found that there was no isotope 
dependence in optical degradation. (31)   Figure C-l shows a comparison of 
the separate effects of UV and nuclear irradiation with the effect of concur- 
rent irradiation for the Lithafrax/ sodium silicate system.    Although the 
exposure doses were not given,  based on related data,  it is probably that the 
nuclear exposure was  1. 5 x 1013 n/cm2 (E < 0. 48 eV),   4. 3 x 1014 n/cm 
(E > 2.9 MeV),  and 1.4 x 108 rads (C) gamma.    The UV exposure was 500 
to 640 sun hours.    The combined UV and nuclear radiation consisted of 920 
sun hours and 7. 1 x lO^n/cm2 (E < 0.48 eV),   4.6 x 1014 n/cm2 (E > 2. 9 
MeV),  and 1. 1 x 108 rads (C) gamma. (31)   These curves show a strong 
interdependence of the effects of ultraviolet and nuclear radiations and, 
more importantly,   they show that the degradation sustained in separate ir- 
radiations cannot be used to predict degradation when the two radiations are 

concurrent. 

Synthetic Li/Al/SiQ4 Coating.    Lockheed reported a research coating 
that contained synthetic Li/Al/Si04 and cured at room temperature. I     > 
Initial solar absorptance was 0. 16,  and initial total hemispherical emittance 
was 0.87.    In general there was not much difference between this coating 
and the commercial Lithafrax coating.    Its advantage lies in its room- 
temperature cure. 

The effect of nuclear radiation in vacuum on the synthetic Li /Al /Si O4/ 
sodium silicate system was similar to that on Lithafrax.    A dose of 1. 3 x 10 
rads (C) gamma,   8. 2 x 1012 n/cm2 (E <  0. 48 eV),  and 5. 3 x 1014 n/cm^ 
(E >   2. 9 MeV) changed ag for the synthetic pigment from 0. 14 to 0. 23.    For 
Lithafrax,   the change was 0. 16 to 0.26.(31> 
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Hughes Inorganic White Coating 
(Al-Si04/K2Si03) 

The prime white finish used in Surveyor F     ' consisted of naturally 
occurring China Clay (Plasmo clay),  which is primarily aluminum silicate, 
in Sylvania PS-7 electronic-grade potassium silicate, (^v)    The pigment con- 
tains approximately 3. 0 percent impurities consisting of 0.42 titanium,   0. 05 
calcium,   1.28 magnesium,   0.42 sodium,  and 0. 11 potassium.    The clay is 
calcined at 1275 C,   then ball milled for  12 hours with water.     The coating is 
applied with an air brush; the first two coatings are each baked for 1 hour 
at 225,  and the third coating baked for 1 hour at 260 F. 

As tested by Lockheed,   solar absorptance for this coating was 0. 14 ± 
0.02 (Gary spectrometer) or 0. 14 ± 0.01 (Gier-Dunkle spectrometer) and 
emittance was 0. 89 ± 0. 04. (^0)   -p^g coatings were thermally cycled 4 times 
from 533 K to 83 K.    There was no evidence of cracking or spallation.    How- 
ever,   several areas of a slightly brown color appeared.    The increase in 
solar absorptance,  Aag,  was between 0. 04 and 0. 07. (1°)   After 540 solar 
hours in vacuum,   solar absorptance of a 6. 4-mil sample increased from 
0. 18 to 0. 22,   and exposure to the same number of hours in air gave a solar 
absorptance of 0. 21. (1°).    Figure C-2 shows the reflectance of the coating 
before and after UV exposure in vacuum.    Minimum damage was noted in 
the IR region. H")    The spectral damage found in this test corresponds to that 
found in normal measurement tests in air. (1°) 

Aluminum Oxide-Potassium Silicate 

Aluminum oxide/potassium silicate coatings were subjected to 20-keV 
and to 80-keV electrons.     The visible-region absorption band was deeper and 
more sharply defined after 80-keV exposure than after 20-keV exposure.    In 
contrast,   damage in the near UV was greater after 20-keV electron exposure. 
See Figure C-3. 

Another aluminum oxide-potassium silicate coating was exposed in situ 
to particulate radiation (protons alone or protons plus electrons) and to com- 
bined electromagnetic and particulate radiation (UV with protons alone or 
UV + protons + electrons). (40)    Test conditions are given in Table C-l and 
data are shown in Figure C-4.    In this work there were no significant differ- 
ences found between ambient and in situ measurements.    A predominant 
reflectance change was observed between 0.30 and 0.40 microns.    Protons 
and UV had the effect of coloring this region,   and electrons had the effect of 
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bleaching it.    As with zinc oxide,   the pattern was that the addition of elec- 
trons enhanced the stability of reflectance. 

The 0.4-micron region in aluminum oxide is not at the band gap.    The 
reflectance change has the characteristics of a color center in that the mag- 
nitude of change is an apparent function of radiation.    It could be either a 
"physics" color center,  i.e. ,  belonging to the general F or V center classifi- 
cation,   or a "chemical" color center,  i.e.,  a function of the appearance of a 
new chemical impurity formed as a result of ionization,   oxidation,   or migra- 
tion of an original impurity in the material.    Thus in an aluminum oxide 
(dielectric) pigmented potassium silicate coating,   the major effect of the 
addition of thermal electrons to proton and UV exposure is bleaching of what 
is probably a color center in the near UV. 

Three coatings,   Al203/K2Si03 ,   (TiOz + Al203)/K2Si03 ,   and 
(ZnO + TiOo + Al203)/K2Si03 were tested for stability to space environment 
on the ATS-I satellite.    Absorptance increased considerably; much more than 
was anticipated from laboratory tests. ^9, 20)   Data are shown in Figures C-5 

to C-10. 

Zirconium Silicate Paints 

Lockheed produces a zirconium silicate coating (LP10A) having a 
pigment-binder ratio of 3. 5: 1 by weight.    The pigment is Metals and Thermit 
Corp.   1000 W grade,   "Ultrox" zirconium silicate,  acid leached and calcined 
by Lockheed.    The binder is potassium silicate.    The coating is applied by 
standard spray-gun techniques and cures at room temperature in approxi- 
mately 12 hours. (30)   The original coating has a solar absorptance of 0. 14 ± 
0. 02 (Gary) or 0. 14 ± 0. 01 (Gier Dunkle) and a hemispherical emittance of 
0. 89 ± 0. 03 according to Smith and Grammer. (30) 

Samples to be tested for UV and electron stability had an initial as = 0. 24 
and e = 0. 87.    The coating remained optically stable when subjected to either 
electron bombardment or UV radiation. (37)   It should be noted,  however, 
that this work was not done in situ and therefore is only indicative of the sta- 
bility of this coating.    After an exposure of lO1^ e/cm2,  ag = 0. 26; and when 
exposed to 10 ^ e/cm2 followed by 485 sun hours in vacuum,  as = 0. 30. 

A Zr02-Si02 pigment has been synthesized by Lockheed and has been 
optimized with respect to calcination conditions,  purification,  and grind 
properties.    Radiation stability of this pigment combined with potassium 
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silicate has been claimed to be excellent under exposures to laboratory simu- 
lated solar UV,   solar-wind protons,   and combined UV and 230-keV protons, 
Van de Graaff protons,   and 1-MeV electrons.    It has also demonstrated resis- 
tance to neutron/gamma radiation. (41) 

Zinc Oxide in Potassium Silicate (Z-93) 

This coating is very stable in the UV and electron environment, (42) but 
is damaged by proton bombardment. (*3)   its use with satellites has been 
limited because of difficulties encountered in its application and to the diffi- 
culty of keeping it clean during preflight construction and activities. I42) 
However,  it is used where surfaces are irregular,   and on nuts and bolts and 
other hardware on which it is difficult to apply coatings other than paint.    Al- 
though it soils easily it can be touched up. 

Experiments in OSO-II,   OSO-III,   and Pegasus II have shown no measur- 
able damage to this coating after over 3000 hours of solar exposure. (13> 2*) 
Laboratory tests also indicate high stability although there are indications of 
increases in solar absorptance after 3000 ESH.    Flight data from OSO-III 
indicated that the coating showed marked stability over the  1580 ESH for 
which data were analyzed. (^)   j± change in as of about 0. 005 was noted after 
1580 ESH.    This is in good agreement with the data obtained from the OSO-II 
and the Pegasus II.     The temperature of all three of the coatings was less 
than 0 C. 

Data from Mariner IV and Lunar Orbiter V showed that the Z-93 coatings 
suffered greater degradation on these interplanetary flights than on those in 
the near earth environment.    The cause of the increased degradation was 
apparently the solar wind. (13)   Both spacecraft were exposed to the solar 
wind continuously.    Data from the Mariner IV and Lunar Orbiter V are shown 
in Figure C-ll.    The initial solar absorptance as a function of wavelength is 
shown in Figure C-lZ,   and initial absorptance/emittance values are given in 
Table B-3.    For this paint,   ag was 0. 184.    After  1000 sun hours in flight on 
the Lunar Orbiter V,  Aas was 0. 049,   the lowest value obtained in the Lunar 
Orbiter IV and V flights.    Absorptance /emittance ratios,   cts/en,   as a func- 
tion of sun exposure are shown in Figure C-13.    Orbiter V flight data are 
shown in Figure B-23. 

Specimens of a ZnO/f^SiOß coating along with two ther coatings   (Ti02/ 
K^SiOß and a chromic acid-anodized aluminum) were retrieved from their 
mountings by astronauts during their extravehicular-activity period on 
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Apollo 9.(     ^    The samples had received approximately 73 hours of space 
exposure and were the first to be returned to earth from space unaffected by- 
reentry conditions.    Samples were subjected to the following sources of con- 
tamination: 

Plume impingement from the tower jettison and Saturn II 
retromotors and from the service-module and lunar-module 
reaction-control-system engines 

Boost heating effects 

Outgassing products of ablative materials 

Pyrotechnic discharge products 

The natural space environment. 

A comparison of preflight and postflight results show that the degrada- 
tion of the ZnO/K2SiC>3 coating ranged from 25 to 40 percent increase in 
absorptance.    Absorptance,   as increased from 0.20 to 0.25 - 0.28.    See 
Table C-2.    No appreciable change in emittance was evidenced.    Although 
degradation occurred,   the absolute values were well within acceptable limits 
for the Apollo lunar-landing missions. (32)   It should be noted,  however,   that 
the retrieved samples were not returned under vacuum conditions and there- 
fore degradation under solar exposure may not be entirely reflected in the 
measurements obtained. 

Using a xenon lamp (which has a smooth continum between 200 and 
400 mju) and a short-wavelength cut-off technique,   the effect of various re- 
gions of the UV on the solar absorptance of Z-93 coating was determined. (2 ^ 
Table C-3 and Figure C-14 show the changes in Aas caused by the various 
regions of UV radiation.    As is the case for many coatings,  wavelengths 
shorter than 300 rajJ, were relatively much more damaging to Z-93 than those 
longer than 300 mju. 

Stability to Proton Bombardment.    The Z-93 coating was exposed to 
8-keV protons along with the S-13 (ZnO/silicone) and a barrier-layer anodized 
aluminum coating. (43)   A plot of the change in solar absorptance versus 
integrated proton flux of 8-keV protons is shown in Figure C-15.    It may be 
noted that the Z-93 coating was more susceptible to damage by the 8-keV 
protons than were the other two coatings.    The threshold of significant 
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damage for the white coatings (a change in solar absorptance greater than 
0. 01) was in the order of 3 to 7 x 10l4 p/cm   . 

In another experiment,   the coating was exposed in situ to particulate 
exposure (protons alone or protons plus electrons) and to combined electro- 
magnetic and particulate exposure (UV with protons or UV with protons and 
electrons). (40)   Test conditions are given in Table C-l and data are shown in 
Figures C-16 and C-17.    The reflectance changes occurring with the coating 
varied considerably with wavelength.    An increase in reflectance below the 
band gap was noted.    Protons alone produced coloration at all wavelengths 
except below the band gap.    The addition of electrons to the proton beam 
increased coloration at the band gap, but it also bleached the visible and near 
IR.    The same general tendency was observed in the combined-environment 
exposures.    However,   specimen overheating was suspected in the test where 
electrons were added in the combined-environment test.    In these tests,   the 
addition of electrons was seen to cause less change in reflectance than when 
the particulate radiation was all protons. 

There is evidence that the rate at which protons are applied to ZnO/ 
K?SiOo coatings has a definite effect on the amount of damage to the material 
especially in the IR portion of the spectrum. *■     '. 

In the proton-only environment,   damage to the silicate-coated zinc 
oxide is both temperature and energy dependent,  with the greatest damage 
occurring with the lower energy. (     ' 

A comparison of individual proton,   UV and combined irradiations of 
equal exposure conditions and fluxes is shown in Figures C-18 to C-20 for 
temperatures of 233 K (-40 F),   298 K (77 F),  and 422 K (300F). (45)   The 
induced absorption for the combined exposures at 233 K and 298 K exhibits 
less changes in absorptance than the sum of the individually produced absorp- 
tion changes.    However,  at 422 K,   the sum of the individual environment 
exposures is approximately the same as the value obtained by the combined- 
environment exposure.    A comparison of the proton-only spectral changes 
at 422 K with the combined environment changes at 298 K  shows almost 
identical changes.  Apparently,   the temperature annealing produces an effect 
similar to that of the UV radiation to reduce the induced absorption of the 
proton radiation. 

The changes in spectral absorptance for combined 750 ESH of solar 
radiation and an integrated exposure of 2 x 10'■-' p/cm    (E =   10 keV) at the 
three temperature- are shown in Figure C-21. (45)    The dominating influence 
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of the ultraviolet radiation at elevated temperatures results in the greatest 
change in absorptance for the specimen exposed at 422 K (300 F). 

The degradation,  as,   of the ZnO/K^SiOß coating is about 25 percent 
less when simultaneously exposed to 10-keV protons and simulated solar-UV 
radiation than when exposed to protons only at 298 K (77 F). 

Douglas White Inorganic Paint (Z-93 Type).    This was coated 5 mils 
thick on 0. 016-inch 6061 aluminum sheet.    After 200 hours UV (compact-arc 
xenon source,  irradiation intensity of 1 ESH) in vacuum,   solar absorptance 
increased 10 percent.    No change was observed when air was introduced. (4°) 

Titanium Dioxide in Potassium Silicate 

Hughes Inorganic White (H-2) is made with Cabot RF-1 titanium dioxide 
dispersed in Sylvania PS-7 potassium silicate.    Initial solar absorptance as 
a function of wavelength is shown in Figure C-22.    It was tested on Lunar 
Orbiter IV and was found to be about equivalent to the sili cone-aluminum and 
B-1060 coatings. (^")   Initial absorptance and emittance values, both labora- 
tory and flight values,   are given in Table B-3.    Absorptance,  ag,  was 0. 178 
(laboratory value) and after  1000 sun hours (flight),  Aag =  0.089.    Only two 
coatings had lower Aas values after  1000 sun hours' exposure on the Lunar 
Orbiter IV and V flights.    (See page 36. )   Flight data for Lunar Orbiter IV 
are given in Figure B-22. 

Lanthanum Oxide in Potassium Silicate 

This coating is susceptible to UV damage, but is less susceptible to 
proton damage.    Increasing the total proton exposure by a factor of 5 did not 
increase the damage,  indicating a very good resistance to proton damage. 
In contrast to the ZnO/KzSiOß,   the La203/K2Si03 shows a definite damage 
effect,  principally due to UV exposure.    Combined environment tests in- 
cluding both proton and UV radiation produced comparable damage to the 
sum of the individual environments.!2^'   However,   so drastic is the UV- 
only degradation that it completely dominates the combined environments 
picture.(44) 
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Oxide Coatings 

Rokide C 

Rokide C is essentially chromic oxide (85 percent Cr203) flame sprayed 
by Norton Abrasive Company(9)  at room temperature,  ag = 0.90 and   e = 0.85. 
The green coating is extremely hard and is very inert chemically.    There is 
no degradation of optical properties resulting from UV exposure. 

However,  because of differential thermal expansion between the oxide 
coating and metal substrates,   adhesion is a problem during rapid changes of 
temperature.    One method of overcoming this difficulty is the use of a ni- 
chrome undercoat on Rene 41 nickel alloy.    This Rene 41-nichrome-Rokide C 
combination thermal-control system has been checked for thermal-shock 
damage.    Heating complex shapes to 1640 F within 5 minutes followed by a 
5-minute cooling period has resulted in no coating failures. 

The bonding between the substrate material,  nichrome,   and Rokide C 
is believed to be purely mechanical.    Rokide C may be used on other metal- 
lic substrates; however,   thermal-shock stability should always be checked 
experimentally for any new substrate.    Because of the mechanical bonding, 
all substrates must be grit blasted prior to coating application. (9) 

Bright Anodized Coatings 

Aluminum is an excellent reflecting material for radiation in all parts 
of the spectrum while continuous films of aluminum oxide are transparent to 
radiation in the visible region and "black" in the IR.    Therefore,  polished 
aluminum which has been anodized is expected to have a double surface ef- 
fect because the polished aluminum reflects the solar radiation which is per- 
mitted to penetrate the aluminum oxide coating, w)   An oxide coating of suffi- 
cient thickness is opaque in the long-wavelength IR region.    Figure C-23 
shows the optical properties of polished aluminum which has been anodized. 
Figure C-24 shows the effect of temperature on the total hemispherical emit- 
tance.    Emittance appears to be highest in the cryogenic-temperature range. 

Vacuum-thermal exposure produces two major results.    Water present 
in the oxide is partially driven out as is evidenced by the reduction of the ab- 
sorption band at 3 microns.    A decrease in the reflectance in the visible 
spectrum was the most pronounced effect. (5)   See Figures C-25 and C-26. 
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Since the distribution of energy of a 65 C surface (based on black-body 
radiation) peaks at approximately 8.4 microns,  the reduction of the water- 
absorption band has very little effect on the emittance of the anodized- 
aluminum coating used at this temperature. 

The optical properties of the bright anodized-aluminum system were 
only slightly altered by UV radiation in air. (5)   However,   the combined 
vacuum-UV radiation was very detrimental to the solar absorptance of bright 
anodized coatings prepared by the usual methods.    The color centers formed 
during exposure caused a gradual increase in yellowing up to  120 hours' ex- 
posure.    There appears to be a leveling-off beyond the  120 hours.    This yel- 
lowing causes the a/e ratios to double (0. 19 to 0.42) after exposures up to 
120 hours.    Table C-4 and Figures C-27 and C-28 show the effect of vacuum- 
UV on 0. 5-mil sheet. 

Preliminary data indicate there is only a slight change in the optical 
properties of bright anodized aluminum when exposed to 3 x 10° rads (C) of 
nuclear radiation. (5)   Table C-5 shows the changes in absorption and emit- 
tance for various coating thicknesses after irradiation. 

Anodized aluminum was unaffected by a dose of 1016 p/cm2 (E = 3 keV) 
and unaffected by electron exposure as far as spectral reflectance at a dose 
of 4 x 1016 e/cm2 (E =   145 keV). (34) 

The synergistic effects of simultaneous  145-keV electron and UV radia- 
tion on the spectral reflectance of barrier-anodized aluminum and sulfuric 
acid-anodized aluminum along with aluminum oxide-potassium silicate thermal- 
control coatings were investigated at 77 K. (4)    Damage to the sulfuric acid- 
anodized aluminum specimens was produced primarily in the wavelength 
region below 0. 7 microns,  with only small changes evident at longer wave- 
lengths.    An increase in as of 40 percent was induced by 350 ESH of UV, 
while 5. 8 x 1015 e/cm2 produced no change in ag.    Simultaneous irradiation 
to approximately the same doses resulted in a 35 percent increase in as. 

Barrier-anodized aluminum was found to be very resistant to both UV 
and electron radiations. (4)   An increase of 12 percent in ag was produced by 
350 sun hours of UV,  while 5. 8 x 1015 e/cm2 resulted in an 18 percent in- 
crease in ag.    These changes were again exhibited primarily in the wave- 
length region less than 0. 7 micron. 

The effects of electron and UV radiations on these materials are shown 
in Table C-6.    Samples were prepared on 10-mil  1199 aluminum substrates. 
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Charged-particle and gamma-radiation tests were run on barrier-layer 
anodized aluminum having emittances up to 0. 31. (43)   It was found that charged- 
particle radiation (proton and alpha particle) exposures up to 1 x 10lo 

particles/cm2 and cobalt-60 gamma-radiation doses up to 1. 3 x 10° rads (C) 
did not degrade the anodized aluminum surfaces.    Following are the energy- 
levels employed and the changes in absorptance which occurred: 

Type of 
Radiation 

Protons 

Protons 

Alphas 

Alphas 

Gamma 
(Co-60) 

Energy, 
MeV 

1-9x10 

2.5 

2 -  16 x 10"3 

5.0 

1. 17 and 1. 33 

Integrated Aag at 
Flux, Dose, Maximum 

particles/cm2 roentgens Exposure 

.o14-io16 ._ 0. 005 

7 x 1012 to 0. 0 
2 x 1015 

io13-io16 0. 031 

1013-4xl014 -- 0. 0 

1. 3 x 10 0.0 

The barrier-layer anodized aluminum was found stable to abrasion,   salt- 
spray,  weatherometer,  and UV. (     > 

Alzak,   the result of an anodic oxidation of aluminum sheets that have 
been electrobrightened,  is produced commercially by the Aluminum Company 
of America.    The thick,  porous oxide layer is formed by an extensive dis- 
solution of aluminum in a fluoboric acid solution and is then sealed in an 
oxide hydration using deionized water.    Its resultant o^s/e depends on the 
thickness and purity of the AI2O3 layer,   and values comparable to a white 
paint may be achieved.    The quality of this coating is dependent on the purity 
of the components used in the various stages of processing.    Since it is pro- 
duced commercially in large quantities,   variation in UV stability from sheet 
to sheet has been observed and the initial   optical properties are not yet pre- 
dictable.    This coating has been considered for the Orbiting Astronomical 
Observatory satellite program.    The coating forms the entire outer shell of 
the spacecraft and therefore its stability is of critical importance. (4') 

The coating was tested on the ATS-3 and it was found that most of the 
damage was caused by UV irradiation (X >  160 mju).    The loss in reflectance 
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was restricted to wavelengths less than 1200 m/i,  and laboratory testing has 
shown that this is caused by an increase in the absorptance of the AI2O3 film 
which begins in the near UV and progresses toward longer wavelengths with 
increased exposure.    See Figures C-29,  C-30,  and C-31.    The original 
values of a    and e were 0. 15 and 0. 77,   respectively (7. 7-/im-thick coating). 
As the stability of this commercially produced coating varies from batch to 
batch,  these results are not generally applicable,  but they serve as a good 
indication of what may be expected of this material. (4') 

Alzak coatings were subjected to 20 and 80-keV-electron radiation.    It 
was found that it sustained more degradation from 20-keV electrons than from 
80-keV electrons.    Reflectance losses were chiefly in the UV region. (27) 
See Figure C-32. 

The effect of UV irradiation on a 0. 29-mil anodized aluminum (Alzak) 
is shown in Figure C-33.    Changes in the UV,  visible,  and IR portions of the 
spectrum with irradiation are as follows:(") 

Decrease (Increase) in Reflectance,  percent 
with UV Exposure (A R = Ri-Rf) 

Exposure 
ESH 250 mjii 

51 

425 mjU 

20 

2100 mju 

135 (1) 
250 54 27 1 

490 59 32 1 

770 -- 35 -- 

1130 60 38 1 

(13) Anodized aluminum was tested in the OSO-III flight experiment. 
The  1199 aluminum alloy substrate was chemically brightened,   electro- 
polished in a solution of fluoboric acid,   and anodized in a solution of ammon- 
ium tartrate.    This coating showed no change in as in 1580 ESH. 

Chromic acid-anodized aluminum was exposed to space radiation on 
Apollo 9 spacecraft.    Samples were retrieved in space for postflight tests. 
Absorptance increased from 0. 70 to 0. 73,  an increase of 4 percent.    Emit- 
tance decreased from 0. 73 to 0. 70. (32)   (Note:    samples exposed to air be- 
fore changes in absorptance determined. ) 
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Chrornate Coatings (Alodine) 

Alodine A-l and A-2,   two chromate finishes on aluminum,  were sub- 
jected to ion bombardment from plasma bombardment systems in an effort to 
simulate solar-wind damage. (48)   Peak bombardment potentials were close 
to 1 keV.    The Alodines showed absorptance decreases of 0. 01 to 0. 04 over 
the entire 0. 26 to 2. 6-jLt range.    The conditions of high vacuum and plasma 
caused changes in the coating because of volatile constituents such as water. 
The changes did not follow definite patterns. 

The total normal emittance, £n, for IR radiation changed a maximum of 
7 percent with hydrogen-ion bombardment. (48) It should be pointed out, how- 
ever,  that the data obtained were not in situ. 

Composite Coatings 

Several composite systems show promise as thermal-control coatings. 
In general, these consist of a reflecting substrate coated with a semitrans- 
parent dielectric film. The reflectance of the metal substrate controls the 
solar absorptance, and the thickness of the transparent or semitransparent 
dielectric film governs the emittance. (36) These films are frequently pre- 
pared as tapes which are bonded to the surface of the space vehicle by means 
of a pressure-sensitive adhesive. 

Second-Surface Mirrors 

Transparent or semitransparent films with a reflecting substrate are 
known as second-surface mirrors.    Some are ceramic mirrors having dimen- 
sions about 1x1x0. 008 inch and are applied to the substrate with an ad- 
hesive.    Others are flexible films with a reflective metal backing which has 
been applied to the film by vapor deposition.    Following are discussions of 
several types of second-surface mirrors. 

Series-Emittance Thermal-Control Coatings.    General Electric develop- 
ed a series of such coatings. (36)   The films suggested include Teflon,   a vinyl 
silicone (GE 391  -  15 -  170,  formerly known as PJ 113),   and Butvar (poly- 
vinyl butyral).    Metals examined for the reflective surfaces were aluminum, 
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silver,   gold,   and copper.    These metals were applied to the films by vapor 
deposition or the dielectric was coated on the metal foil.    The adhesive which 
passed the ascent-heating-simulation test satisfactorily was General Electric's 
SR 527 (a silicone adhesive).    However,  two other adhesives also have been 
evaluated and appear to have merit.    These are Dow Coming's DC 281 silicone 
adhesive and Minnesota Mining's Y9050U.    The latter is a double-faced 
pressure-sensitive tape.    It is essentially a silicone-impregnated fiber-glass 
cloth which is laminated to the metal surface. (36)   These latter two adhesives 
failed not in shear,  but by peeling as a leading edge was raised when sub- 
jected to a simulated ascent heating. 

According to Linder it is theoretically possible to achieve any ag/e ra- 
tio between 0. 05 and 5. 0 with this system,  although practical limitations on 
minimum coating thickness and lack of complete transparency to the solar 
spectrum somewhat limit this selection. (3°) 

Additional advantages of this type of system include (1) the ability to 
select coatings having lower emittances with the same <xs/e ratio will mini- 
mize the radiant-heat loss from the vehicle and therefore will reduce the 
power requirement and (2) an improved UV stability of the Teflon-metal and 
silicone-metal systems which makes this type coating very attractive for use 
on long-life missions. 

Table C-7 and Figure C-34 show the variation in total normal emit- 
tance with the thickness of Teflon over vapor-deposited aluminum while 
Table B-5 shows similar information for Butvar on aluminum.    Spectral 
absorptance of silver-coated Teflon is given in Figure C-35.    The reflec- 
tance curves for 0. 5-mil Mylar metallized with silver,  aluminum,   gold, 
and copper are shown in Figure C-36. 

The experimental vinyl silicone,   GE 391-15-170,  has been shown tobe 
extremely resistant to UV degradation.    A program to develop a technique 
for applying this material in controlled thicknesses to a metal foil is being 
developed.    It is anticipated that emittance values between 0. 15 and 0. 90 
may be obtained,   depending on the thickness of the silicone coating. 

Teflon and vinyl silicone (GE 391-15-170) have been exposed to the 
combined effects of UV and X-rays.    No significant changes in solar absorp- 
tance of either of these systems were observed with exposures up to 1000 ESH 
and 100 megarads (C).    There are indications,  however,   that as exposure is 
continued,  the absorption edge of the dielectric tends to shift to longer wave 
lengths.    A typical curve of UV reflectance after exposure to UV and X-rays 
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for Butvar and GE 391-15-170 (PJ 113) is shown in Figures C-37 and C-38. 
A summary of data obtained on UV and high-energy exposure is shown in 
Table C-8. 

Silver- and Aluminum-Coated Teflon.    These have shown excellent 
stability to UV and to particulate radiation.    Generally,  FEP Teflon is used 
because its radiation stability in air is better than that of TFE Teflon.    In 
vacuum,  FEP is only slightly better than TFE, but both are stable to approxi- 
mately 106 rads (C) when not exposed to air or oxygen. 

Six Teflon-based coatings were subjected to 80-keV electrons. (   ' >   These 
included 2-,   5-,   and 10-mil aluminized Teflon and 2-,   5-,   and 10-mil silvered 
Teflon.    After exposure to 10 ^ e/cmr (E = 80 keV),   the exposed surfaces 
still retained a specular appearance and,   except at the shortest wavelengths 
measured,   sustained only minor reflectance degradation.    Exposure to 101° 
e/cm  ,  however,  left each Teflon coating significantly altered.    The plastic 
assumed a light gray appearance so that the vapor-deposited metal was 
masked.    Some crazing and a considerable amount of mottling of each Teflon 
surface was also evident. (^ ') 

Similar samples and also silvered samples were subjected to proton 
bombardment. (^9)   N0 change in solar absorptance (ag) was detected until 
after a dose of 3 x 10*5 p/cm^ (E = 40 keV).    At the maximum doses,   1. 2 
to 1. 8 x 10*" p/cm.2,   changes in absorptance (Aot   ) averaged 0. 04 for the 
silvered Teflon and 0. 06 for the aluminized Teflon.    See Table C-9.     The 
temperature of the Teflon coating substrates throughout the test period was 
10 ± 1 C, based on water-exit temperature from the chamber.    Vacuum levels 
during the exposures were 1 to 2 x 10"? torr.    Magnetic analysis of the proton 
beam eliminated masses >  1 from the beam before it entered the exposure 
chamber.    Exposure rates were between 1 and 4 x 10*0 p/(cm   -s). 

Aluminized Teflon was used as the outer portion of a thermal shield on 
Mariner II and Mariner V.    The thermal shield consisted of 18 layers of 
aluminized Mylar and was attached to the sunlit surface of the spacecraft to 
reduce the influence of increasing solar intensity during the mission.    The 
outer layer was aluminized 1-mil FEP Teflon and was used as a second- 
surface mirror with a/e = 0. 13/0. 55 = 0. 24.    The shield for Mariner II was 
similar except that it utilized 5-mil Teflon.    With the Mariner V,   a tempera- 
ture transducer was taped to the bottom side of the aluminized Teflon.    The 
reported data were assumed to be the measured temperature of the sunlit 
FEP Teflon sheet.    This assumption appeared to be supported by the data 
obtained. 
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Early mission data shown in Figure C-39 show that the FEP Teflon de- 
gradation followed a typical rate characteristic of low a/e materials, with an 
initial relatively high rate,   decreasing as degradation progressed.    However, 
approximately 45 days after launch,  the rate began to increase again as can 
be seen in the shape of the curve in Figure C-39.    The beginning of this in- 
crease in rate was coincident with a Class-2 solar flare,  the radiation pro- 
ducts of which were seen at the spacecraft.    However,  a second flare did not 
produce any increase in degradation rate.    The increase in rate following the 
first flare could not be attributed directly to radiation damage since the rate 
increased gradually and the higher rate persisted too long.(18) 

A 5-mil silvered Teflon sample was flown on the OGO-VI (approxi- 
mately 400 to 1100-km polar orbit).    Prior to launch,  <xs measured as 
0. 085.    After approximately 4600 hours of solar exposure, no increase in 
as was detectable.^4"' 

Polyimide/Aluminum.    Kapton H-film (polyimide) with an aluminum 
backing was also tested for use similarly to aluminized Teflon.    This ma- 
terial has excellent high-temperature properties,   good radiation resistance, 
but it is affected by UV.    Although this film shows some reflectance loss in 
the UV,   its moderate reflectance changes,  both increases and decreases, 
in the visible and IR regions when exposed to UV radiation in vacuum are 
considered important.    See Figure C-40.    Exposed to UV in situ for 20, 000 
hours,  as changed from 0. 305 to 0.41. (50> 

Aluminized Kapton was subjected to 20 and 80-keV-electron radiation. 
With the 20-keV exposure,   reflectance changes were minimal at fluences 
below 1015 e/cm2.    The largest reflectance changes at 10 16 e/cm2 were in 
the UV wavelengths just longer than the visible-region absorption band. 
Decreases were much more severe than those after exposure to the 20-keV 
electrons.    See Figure C-41.    Reflectance damage after exposure to 10 
e/cm2 (E = 80 keV) was considered "catastrophic". (2 ') 

In another experiment,   a 2-mil Kapton H-film over a thin aluminum 
coating on an aluminum substrate was subjected to 50-keV electrons.    The 
greatest losses were in the visible and near-IR regions.    Decreases in 
reflectance were as follows:^     ' 
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Dose,   e/cm^ 590 m/i 

1 x 1013 0 
2 x 1014 4 
6 x 1014 13 
8 x 1015 60 

Decrease in Reflectance,   percent 
(AR = Rj-Rf)  

Z100 m/i 

0 
0 

When subjected to UV radiation alone (in situ),   decreases in the 
reflectance changed as follows :^     ' 

Decrease (Increase) in Reflectance,   percent 

Exposure ^ z-ixv.   —   r vi-xvf, 

ESH 250 

3 

m/i 425 m/i 

(2) 

2100 m/i 

135 (2) 
250 5 (2) 2 
490 6 (2) 2 
770 -- (2) -- 

1130 7 (2) 1 

Kapton showed no change in properties when exposed to 750 F for 
30 seconds in vacuum.    Above 900 F,   it visibly darkened. '      ' 

Polyimide film has also been used as a backing for a second-surface 
mirror,  SiO on aluminum.    This composite consists of a 10, 500 A SiO over- 
coat on 1200 A aluminum vapor deposited on 1. 5-mil Kapton (polyimide),  an 
experimental film supplied by G.   T.   Schjeldahl Company,   Northfield, 
Minnesota.    It was subjected to proton and electron radiation,   exhibiting 
little change in reflectance in the UV and visible regions after receiving a 
dose of 1016 p/cm2 (E = 3 keV).(34)    (See Figure C-42. )    There was a 
slight reduction in spectral reflectance in the UV when exposed to  1. 3 x 
101" e/cm (E =   145 keV).    It is badly degraded in UV irradiation,  appearing 
slightly yellow-brown. (34)    (See Figure C-43. ) 

Silicon monoxide coatings are more susceptible to 320 ESH of UV 
radiation than to either  1. 3 x 1016 e/cm2 (E =   145 keV) or  1 x lO1^ p/cm2 
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(E = 3 keV).    This type coating is being used in the Apollo program and is 
also being considered for Air Force satellites. 

Coated,   Vapor-Deposited Aluminum.    Vacuum-deposited aluminum 
coated with surface layers of dielectric materials gives highly reflecting and 
protected mirror surfaces which have been successfully used for controlling 
the temperature of many satellites.    Coatings generally used over the alumi- 
num are silicon oxide (SiOx),   silicon dioxide (SiOz),   aluminum oxide (AI2O3), 
and magnesium fluoride (MgF2). 

Silicon Oxide (SiOx).    The most frequently used surface film for con- 
trolling the temperature of satellites has been silicon oxide (SiOx) produced 
by evaporation of silicon monoxide in the presence of oxygen or air.    Re- 
commended deposition parameters are rates of 3 to 5 A/sec at about 8 x 
10"5 torr of oxygen or  1 to 2 A/sec at 1 x 10-4 torr of air.    Films of this 
material show rather high absorptance in the near and far UV.    However, 
this undesired absorptance is claimed to be eliminated by UV irradiation in 

■      (52,53) air.v     »      ' 

By increasing the thickness of reactively deposited silicon oxide (SiOx) 
on aluminum from zero to 32 quarter-wavelengths (X/4),   e increases from 
0. 017 to 0. 53 and a/e can be varied from about 5 to 0. 2. <5   >   Exposure to 
UV in air virtually eliminates the initially high UV absorptance of this coat- 
ing without changing the IR reflectance appreciably.    The total emissivity of 
this coating is unchanged by the UV treatment.    With this treatment, a will 
decrease.    After  18 hours of UV irradiation in air,   a was found to change 
from 0. 128 to 0. 110.    These coatings have been used as temperature-control 
surfaces on many satellites,  and there are ample laboratory and flight data 
to show their high stability in space environment. (     ) 

Temperature data from Explorer XXIII over a 3-1/2 year period have 
indicated no significant degradation of its SiOx coating. (53)   However,   a 
1200-m/i SiOx coating tested on the ATS-3 proved to be very unstable. (47) 
It was believed that the SiOx coating tested on the ATS-3 was not typical of 
these coatings.    Vapor-deposited SiOx (1. 5/i) over opaque evaporated alumi- 
num showed excellent stability when tested on the ATS-I.    Initial a/e was 
0. 48.    Changes in a/e which occurred in flight on the ATS-I are shown in 
Figure C-44.    This coating was about equivalent with the AI2O3/AI coating 
and was one of the more stable materials. 

The thermal-control coatings for the surfaces of the Vanguard satel- 
lites are based on the same principle.    The exterior thermal-control surface 
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consisted of evaporated aluminum covered with a 0. 65-ji film of silicon 
monoxide. (°'   The film is essentially transparent to solar radiation but has 
a strong absorption band at about 10/i.    By controlling the film thickness of 
this system,  one exercises control over IR emittance independently of 
solar absorptance„    The as/e ratio can be varied from about 4. 0 to about 
0. 5.    For the system employed in Vanguard,  a   /e =  1.3. 

This system,  however, if not properly prepared,  has been shown to be 
subject to severe degradation by solar UV exposure. (2)   It appears that the 
degradation is related to the change in stoichiometry of the silicone oxide 
film under irradiation.    The dielectric film is produced by evaporation of 
SIO in an oxidizing atmosphere or by subsequent oxidation of an evaporated 
SiO layer.    Upon irradiation the transparent SiOx film loses oxygen and 
reverts to the straw-colored SiO with resulting increase in solar absorp- 
tance. 

Silicon Dioxide (Si02).    SiC>2 films have strong absorption bands in 
the IR region with maxima in the 8. 5 to 9. 5-jU and the 23 to 25-jU regions. 
SiC>2 films of thicknesses up to about 0. 2 /i have,   even in the 8. 5 to 9. 5-ju 
wavelength region,  very little effect on the normal incidence reflectance of 
aluminum.    However,  if thicker films of Si02 are applied to aluminum,  very 
large reflectance decreases can be observed in the IR region.    Figure C-45 
shows the IR reflectance from 5 to 40 /i for aluminum coated with 0. 40,   0. 97, 
and 2. 59 -jU films of SiOz. 

Figure C-46 shows that interference effects produce a maximum a of 
0. 13 with Si02 films that are effectively one-quarter wavelength thick at 
A = 550 m/i,   and that for thicker films,  a becomes essentially independent 
of the Si02 thickness and has a value of 0. 111 ± 0. 04 in a thickness range 
of 0. 36 to  1.9 /i.    In addition,   the a values of Si02/Al coatings determined 
in air were found to be identical with those measured in vacuum. (52) 

For the temperature control of satellites,  films of aluminum coated 
with about 6 to 14 A/4 of SiQ2 are most frequently used (X = 550 m/i).    For 
this range of Si02 thickness,  e and en (normal emissivity) of Si02/Al in- 
crease with increasing temperature in the temperature range measured. 
This is a very desirable property for a temperature-controlling coating 
since it provides a certain amount of self-regulation of the satellite temper- 
ature.    For a satellite coated with Al and 6 A./4 of Si02,  an increase of the 
shell temperature from 10 to 20 C may be predicted to occur during 1400 
hours of exposure to sunlight. (52) 
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Aluminum coated with various thicknesses of SiC>2 were exposed to 
1-Mev electrons using a dose of 1 x 1015 e/cm2.    No changes in the optical 
properties from the UV to the far IR were observed.    It appears that UV 
irradiation is the main cause for the degradation of Si02-coated aluminum 
films in outer space.    SiC>2 over aluminum was exposed to 20 and 80-keV 
electrons in situ and was found to be very resistant to reflectance change. (     ) 
See Figures C-47 and C-48.    This coating undergoes significant improvement 
in reflectance in the 0. 25 to 0. 3-ju-wavelength region during electron irradi- 
ation,   similarly to that observed with UV irradiation. 

Si02-coated aluminum samples were subjected to UV irradiation in 
vacuum.    Figure C-49 shows the decrease in reflectance experienced by 
two Si02-coated samples subjected to xenon arc lamp in a vacuum of 1 x 10" 
torr.    The films were 6. 2 and 13. 4 \/4 thick,   and the irradiation was per- 
formed in two stages using first one and then five times the equivalent solar 
energy.    Reflectance values were determined while the samples were kept 
in vacuum at about 1 x 10-5 torr.    For both samples,  the reflectance de- 
crease was most pronounced at shorter wavelengths and became negligible 
for wavelengths longer than 700 mju,  but the damage suffered by the thicker 
coating was approximately twice that experienced by the thinner one.    The 
IR reflectance and e of the Si02-coated aluminum were found to be unaffected 
by UV irradiation. 

Si02- and Al203-coated aluminum samples tested on the ATS-3 were 
more stable than the other dielectric coatings,  although their degradation 
was more severe than that observed in the laboratory. (A1>   UV radiation was 
responsible for most of the damage although a significant degradation was 
caused by other factors acting in combination. 

A technique for producing UV transparent films of A1203 and Si02 

by evaporation with an electron gun has been developed.    Because of their 
hardness,   chemical stability,   and excellent adherence,  these two film 
materials are suitable as protective layers for aluminum,  front-surface 
mirrors,   especially if high reflectance in the UV is required. (52)    The 
fact that the optical properties of vacuum-deposited A12C>3 and Si02 are 
less dependent on the preparation conditions than those of Si02 prepared 
from SiO makes these film materials more suitable for many optical 
applications. 

Aluminum Oxide (A1203).    Aluminum overcoated with A1203 degrades 
less than that with Si02 under identical UV irradiations. (52)   Aluminum 
oxide over aluminum was also exposed to electrons (E = 20-keV and 
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E = 80 keV) and found to be extremely resistant to reflectance change. (27) 
See Figures C-50 and C-51. 

Vapor-deposited aluminum oxide (11, 000 A) on 1000 A of aluminum 
evaporated onto a buffed,   chemically cleaned,   and glow-discharge cleaned 
substrate,  and silicon dioxide deposited in vacuum onto a buffed and de- 
greased aluminum substrate exhibited only small changes in reflectance 
from 0. 25 to 2. 5 fi for exposures as great as  1017 e/cm2. (3)   Exposure was 
to 20-keV electrons at 22 C. 

Vapor deposited A12C>3 (1.1 /i) on opaque evaporated aluminum was 
tested for UV stability in the laboratory and on the ATS-I.    The initial 
ag/e was 0. 54 as measured in the laboratory,  and 0. 59,  measured 48 hours 
after launch. (*9)   The changes which occurred in flight on the ATS-I are 
shown in Figure C-52.    This coating along with SiOx on aluminum was the 
most stable of those tested on this flight. 

Magnesium Fluoride Over Evaporated Silver.     This material is not 
used as a thermal-control coating, but is a potential surface coating for a 
solar concentrator mirror.    The thin (2 x X/4 at 550 m/i) overcoat of MgF2 

serves to protect the silver from atmospheric contaminants.    It was in- 
cluded in the ATS-3 tests.    The substantial loss in reflectance that occurred 
in the 300 to 650-m/i region can be attributed to both a broadening of the 
interference minimum band and a decrease at the interference maximum 
position due to substantial damage taking place within the body of the MgF2 

film. (47)      The relative stability of the shielded sample (fused-silica shield) 
indicated that most of the damage to the unshielded sample was caused by 
low-wavelength (160 m/i) UV and electron or proton irradiation acting in com- 
bination. 

The ATS-3 data have shown that MgF2-coated silver is not the best 
choice for a solar-concentrator-mirror coating.    However,  it will continue 
to be used as both a protective and reflectance-increasing flim for front- 
surface aluminum mirrors used in far UV,   orbiting telescopes.    Therefore 
it is important that the correlation between preparation techniques and en- 
vironmental stability of MgF2 be thoroughly defined. (^') 

Uncoated Aluminum.    The uncoated aluminum samples tested on the 
ATS-3 were least susceptible to damage by UV (X >  160 m/i) irradiation as 
indicated by the shielded-sample data. (47)    The unshielded samples, how- 
ever,   degraded severely,  and the loss in reflectance increased with de- 
creasing wavelength.    The change showed no signs of saturating after  1 year 
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in orbit and may be increasing as time goes on.    These results did not agree 
with earlier findings of the OSO-III Thermal Control Coatings Experiment 
which showed aluminum to be very stable.    Differences in the orbital en- 
vironment may explain some of the disagreement. 

Optical Solar Reflector.    Two versions of the optical solar reflector 
have been developed at Lockheed Missiles and Space Co/   '   The first con- 
sists of vapor-deposited silver on Corning 7940 fused silica with an over- 
coating of vapor-deposited Inconel.    The second is vapor-deposited aluminum 
on Corning 7940 fused silica with an overcoating of vapor-deposited silicon 
monoxide.    The front surface of these mirrors consists of the high-purity 
fused silica,   the second or reflecting surface is the silver or aluminum 
which has been vapor-deposited on the fused silica.    The silver or aluminum 
coating is protected from corrosion or damage while being handled with the 
vapor-deposited Inconel or silicon monoxide.    These mirrors,   1 x 1 x 0.008 
inch thick,  are applied to the substrate with RTV-615 silicone adhesive/   >^> 
The adhesive requires a minimum cure of 14 days at room temperature to 
minimize outgassing during ascent.    Reflective properties are as follows:(9, 5 1) 

Optical Solar Sample 

Reflector Temperature,   R 

Silver 325-530 
260 
360 
46 0 
560 
660 

Aluminum 325-530 
26 0 
360 
46 0 
56 0 
660 

0.050 ± 0.005 

0. 100 ± 0. 005 

e as/e 

0. 81 0. 062 

0. 744 ± 0. 01 
0. 800 ± 0. 01 
0.807 ± 0.015 
0.795 ± 0.02 
0.790 ± 0.02 

0.81 0. 124 

0.744 ± 0. 01 
0. 800 ± 0. 01 
0.807 ± 0. 015 
0.795 ± 0.02 
0.790 ± 0. 02 
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These optical solar reflectors (OSR) are fragile and should be pro- 
tected from mechanical damage during storage and shipping.    Surface con- 
tamination,  including fingerprints,   oil,   dust,   and atmospheric weathering, 
does not cause permanent degradation after application.    However,   con- 
taminants must be removed prior to launch.    Panels with OSR applied to 
them have successfully passed sinusoidal and random-vibration tests. 

There has been no measurable change in a/e due to near UV,  and 
these coatings have been stable for extended missions up to 2 years in all 
charged-particle environment and combined environments of space.    These 
coatings have been extensively investigated and have never been dam- 
aged. (2> 9, 13)   (See Table C-10. )   Also,  data from the OSO-III flight showed 
no change in a    of the OSR (vapor-deposited silver on fused silica and 
Inconel overcoat) in 1580 ESH. (13) 

Solar-Thermoelectric Systems 

Another composite is the solar-thermoelectric system reported by 
Schmidt and Park at Honeywell,  Inc. (^4)    These multilayer coatings consist 
of transparent molybdenum films between nominally quarter-wavelength- 
thick dielectric spacers of such materials as magnesium fluoride (MgF2) 
and aluminum oxide (AI2O3).    The solar absorbers are prepared by evapor- 
ating the multilayer optical coatings on highly reflective substrates. 

The primary criteria for material selection are: 

(1) Substrate - high reflectance in the IR,  high melting tem- 
perature,  low vapor pressure,  low electrochemical po- 
tential to provide chemical stability with the dielectric 
layers 

(2) Dielectric films — high transmission in the IR,  high 
melting temperature,  low vapor pressures,   and high 
electrochemical potential 

(3) Metal films — high transmission in the IR,  high melting 
temperature,  low vapor pressure,  and low electro- 
chemical potential.    Selective absorption in the solar 
spectrum is often advantageous. 
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One of the best samples reported was prepared with depositions of 
Ce02,  molybdenum,  and MgF2 (magnesium fluoride).    This sample demon- 
strated very good high-temperature stability up to 538 C in vacuum.    Another 
sample showed excellent high-temperature,  high-vacuum,  and UV stability. 
All the films passed the Scoth tape test for adhesion.    They do not possess 
high abrasion resistance; however,  they can be washed in acetone or alcohol. (     > 
Unfortunately,  there has been difficulty in reproducing these materials. 

Miscellaneous Coatings 

Several coatings were reported for which available information is very 
meager. In many cases only the solar absorptance and hemispherical emis- 
sivity were given. Composition of some of these was not available. The re- 
ported information on such coatings follows. 

3M 202-A-10 

A Minnesota Mining and Manufacturing Co.   coating (202-A-10) was 
subjected to proton and electron irradiation in a vacuum.    It was degraded 
by 10 l6 p/cm2 (E =  3 keV) in the visible and IR spectral regions (Figure C-53). 
Spectral reflectance in these regions decreased as a result of electron irra- 
diation.    Damage approached a saturation level at doses not much greater 
than 4 x 10l6 e/cm2 (E =   145 keV).    (See Figure C-54. )   Specimens appeared 
somewhat darker after electron irradiation. (34) 

Aluminized Mylar 

Mylar,   5 mils thick, with 2 x 10-6 inch of aluminum on both surfaces 
(available from Hastings & Co. ,  Inc. ,  Philadelphia,  Pa. ) was unaffected by 
a dose of 1016 p/cm2 (E = 3 keV) and 4 x 1016 e/cm2 (E =   145 keV).    The 
specimen blistered during irradiation,  but blistering was believed to be due 
to outgassing of the epoxy used to attach the film to the stainless steel 
disk.(34) 
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Cameo Aluminum 2082 Porcelain Enamel 

Type 6061 aluminum sheet,   16 mils thick,   coated with 1. 5 mils porce- 
lain enamel,  increased in solar absorptance only 4 percent after 200 ESH of 
UV in vacuum. (4") 

Bismuch Sulfide (Bi2S3)-Dyed 
Anodized Aluminum [ 1100 (2-S)Al] 

The Bi2S3-dyed anodized aluminum was somewhat unstable.    It had 
relatively low absorptance values and was somewhat undesirable as a high 
absorber for space applications. (") 

Cobalt Sulfide (CoS)-Dyed 
Anodized Aluminum [ 1100(2-S)A1] 

The CoS-dyed anodized aluminum was stable with relatively high absorp- 
tance values over the entire wavelength region considered. (55)    (See Figures 
C-55 and C-56. ) 

Nickel Sulfide (NiS)-Dyed 
Anodized Aluminum [ 1100(2-S)A1] 

NiS-dyed anodized aluminum was stable with relatively high absorp- 
tance values over the entire wavelength region considered.^5)    (See Figures 
C-57 and C-58. ) 

Lead Sulfide (PbS)-Dyed Anodized Aluminum, 
Sandoz Black BK-Dyed Anodized Aluminum, 
and Sandoz Black OA-Dyed Anodized Aluminum 

These dyes on [ 1100(2-S)]  aluminum had relatively low solar absorp- 
tance and showed slight changes of solar absorptance when exposed to simu- 
lated space environment.    They would have limited usefulness as thermal- 
control coatings. (-'-') 
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Black Nickel Plate on Aluminum [ 1100(2-S)A1] 

Black nickel plate on aluminum was very stable over the solar region 
of the spectrum for exposures to a simulated space environment of simul- 
taneous high vacuum and UV radiation of 3800 ESH plus electron radiation 
of 1015 e/cm2 (E =  1 MeV),  and showed no significant change of solar 
absorptance from the initial high value of 0. 959.    However,  the room- 
temperature emittance at the longer wavelengths (from 3 to 25 mfi) was 
relatively low,   0. 686,  and was reduced even further to 0. 598 by exposure 
to the simulated space environment.    This  12 percent change of thermal 
emittance was the largest of any of the black coatings tested. (55>    (See 
Figures C-59 and C-60. ) 

Du-Lite-3-D on Type 304 SS (Grit Blasted) 

Du-Lite-3-D on Type 304 SS is a good flat absorber in the solar spec- 
tral region.    Solar absorptance is relatively high and thermal emittance is 
relatively low.    It was stable to simulated space environment.    Thermal 
emittance changed 4. 1 percent. (55)   (See Figures C-61 and C-62.) 

Westinghouse Black on Inconel,  Sodium 
Dichr ornate-Blackened SS (Type 347), 
Sodium Dichr ornate-Blackened Inconel, 
and Sodium Dichromate-Blackened Inconel X 

Various other combinations of "blackened" metals are good flat ab- 
sorbers in the solar spectral region.    Solar absorptance of these is rela- 
tively high, while thermal emittance is relatively low.    They are stable to 
simulated space environment.    The major disadvantage to these may be the 
high temperatures required during the coating process.    The thermal emit- 
tance of sodium dichromate-blackened Inconel changed only 2. 7 percent 
after being subjected to 4770 solar hours in vacuum and 10  b e/cm  .    Sodium 
dichromate-blackened Inconel X showed negligible change after 2560 solar 
hours in vacuum plus  10*5 e/cm2. (55>   See Figures C-63 to C-70.    Chemi- 
cally blackened Inconel and beryllium with ag and e greater than 0. 80 were 
used on the Gemini spacecraft for maintaining lower temperatures during 
reentry.'^   ' 
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Pyromark Black Refractory Paint on 
Aluminum [ 1100(2-S)A1]  and Pyromark 
Black Refractory Paint on Inconel 

These cannot be considered as flat reflectors because solar absorp- 
tance and emittance are relatively high.    However,  the paints are unaffected 
by prolonged exposure to simulated space environment. (55)   See Figures 
C-71 to C-74. 
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PIGMENTS 

Because of the convenience of painting a surface,  particularly an 
irregular structure,   efforts have continued to develop a paint which would 
be stable to space environment.    The major task in developing low-solar- 
absorptance,  pigmented,  thermal-control coatings has been to effect a 
stability to UV radiation and to charged particles.    The approach to this 
problem at the present time is to determine mechanisms of UV degrada- 
tion in specific materials,   particularly pigments.    Knowing the mecha- 
nism of degradation,  methods of protection from such degradation can 
then be developed. (56)   in connection with this approach,   efforts have been 
made to determine the effect of particle size oh reflectance.    It has been 
found,   for example,  that the contribution of voids  (between discrete par- 
ticles and between agglomerates) is an important factor because voids in- 
crease spectral reflectance and yet tend to mitigate the absorption effect 
of intrinsic absorbers, (^o)   Also,   studies have been conducted to charac- 
terize degradation in terms of solid-state parameters.    Efforts have been 
made to detect and identify the defect centers produced by UV irradiation. 
Considerable effort has been made to determine the reasons for the insta- 
bility of pigments to UV radiation and to develop methods of improving 
their stability. 

Zinc Oxide 

Probably the major studies have centered on zinc oxide (ZnO), not 
only because of the results of previous coating studies, but also because 
it has lended itself for study and analyses. Several models have been 
offered to describe the degradation of zinc oxide that manifests itself by 
an increase in the optical-absorption coefficient in two spectral regions, 
the 0. 39 to 0. 8 and the  1. 0 to 2. 4-|U range. 

One general model that has been advanced to describe the degrada- 
tion of zinc oxide is as follows. (")   UV photons,  which are absorbed near 
the surface,   produce free electrons and holes.    The photoproduced holes 
that diffuse to the surface recombine with electrons at surface oxygen, 
thereby neutralizing the surface oxygen.    The neutralized surface oxygen 
is then evolved from the zinc oxide surface if the ZnO is in a vacuum 
environment.    The first oxygen to be evolved is chemisorbed oxygen,  but 
as the irradiation is continued,   surface lattice oxygen is also evolved. 
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The evolution of oxygen leaves the surface zinc rich,   and the excess zinc 
diffuses into the bulk of the zinc oxide.    Thus,  the net result of the UV 
irradiation is the generation of excess zinc and an increase in the concen- 
tration of free electrons. 

The mechanisms by which the above actions cause the increased 
visible- and IR-region absorption are not clearly defined, w')   Some be- 
lieve that the enhanced IR absorption is a result of additional free-carrier 
absorption which is caused by the increase in the free-electron concentra- 
tion.    Others believe that the enhanced IR absorption is a result of an in- 
crease in the density and population of defect levels lying near the conduc- 
tion band. 

The increased visible absorption is likewise not clearly understood. 
It has been explained by some workers that this is the result of the excess 
zinc precipitating out at dislocations,   causing severe lattice strain in the 
neighborhood of the dislocation. '     '   Such strain could result in a decrease 
in the separation between the conduction- and valence-band extrema and, 
in effect,   decrease the band gap in the neighborhood of the precipitation. 
This would produce a low-energy tail on the fundamental absorption edge, 
similar to the visible degradation observed.    Another explanation to the 
increased visible absorption is that it is a result of defect centers whose 
energy levels lie just above the valence band. 

A series of experiments involved studies of changes in electrical 
properties of thin films and of crystals with UV irradiation,   and studies on 
the effect of radiation on electron paramagnetic resonance,  magnetic sus- 
ceptibility,   and luminescence. ^     '   These studies have shown that UV irra- 
diation of ZnO results in the production and population of defect centers 
with energy levels near the conduction band and that these centers are sen- 
sitive to IR radiation.    UV irradiation also increases the free-electron 
concentration to such a density that free-carrier absorption in the near IR 
region should become appreciable.    The luminescence studies demonstrated 
that luminescent defect levels were present in untreated SP-500 ZnO and 
that UV irradiation enhanced the population and density of those levels. 

These photoproduced holes and electrons can undergo chemical re- 
action. (58)   Such chemical reactions change the structure of the coating, 
leading eventually to coloration.    One approach to prevent optical degrada- 
tion is to find surface additives that act as recombination centers,   alter- 
nately capturing the holes and electrons and thus removing the photopro- 
duced carriers with no net chemical change.    In studies with ZnO, 
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Single-crystal measurements have shown improvement up to a factor of 106 

in rate of conductivity degradation,   and powder measurements have shown 
photodamage protection from 10"2 monolayers of additive. (5b) 

In these studies,   it was concluded that suitable surface additives, 
acting as electron-hole recombination centers,   could prevent degradation 
of thermal-control coatings by preventing irreversible chemical reactions 
at the surface of the pigment grains.    It was indicated that the surface 
additive will be effective if it has the following properties:    (1) it must be 
nonvolatile and chemically inert toward its environment and toward photoly- 
sis,   (2) it must exist in two stable oxidation states separated by one elec- 
tron,   (3) the energy level occupied by this electron should be just below 
the bottom of the conduction band of the pigment in order that both the hole 
and electron-capture cross sections be high,   (4) the additive must be pres- 
ent in both oxidation states,   and (5) it must uniformly cover the surface of 
each grain of pigment material. 

The material showing the most promise with ZnO was the redox 
couple,   a l-.l ferrocyanide-ferricyanide combination. (59>   Tests of this 
additive have been made using two test procedures.    These were (1) mon- 
itoring vacuum photolysis of ZnO by measurement of the increase in dark 
conductance of the ZnO crystals and (2) monitoring of vacuum photolysis 
by electron-spin resonance (ESR) of a signal at g ~ 1. 96 associated in- 
directly with donors in ZnO. <58)   This latter method is applicable to pow- 

dered ZnO. 

More work needs to be done before satisfactory results may be 
achieved with thermal-control coatings.    However,   a promising approach 
has been made and theoretical considerations have been advanced which 
should lead to the development of stabilized pigments for thermal-control 

paints. 

Two principal optical effects are found with ZnO.    One,  induced by 
UV in vacuum (only),   appears as an increasing IR absorption which in- 
creases with increasing irradiation.    The other effect,   induced only by 
mechanical and thermal treatments    appears as an absorption band very 
near the optical absorption edge. <     ' 

It has been found that solar radiation-induced degradation of partic- 
ulate ZnO reflectance occurs in two spectral regions -the visible adjacent 
to the band-edge and the near IR between 0. 8 and 2. 8 /i.    Visible degrada- 
tion is most effectively produced by photons of wavelength less than 0. 3 /z. 
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It is not certain,  but probable,  that the occurrence of IR degradation is a 
necessary precondition for production of visible degradation.    The kinetics 
of IR degradation are strongly dependent on the irradiation intensity as well 
as the total irradiation. (° 1)   The visible degradation is primarily dependent 
on the total irradiation.    One of the aspects noted was that the glow dis- 
charge which accompanies start-up of an electronic vacuum (Vaclon) pump 
may cause significant IR degradation,  but none in the visible wavelengths of 
sintered ZnO. 

The IR degradation is strongly affected by surface preparation of the 
ZnO particles.    Samples sintered,   sintered and exposed to Vaclon start-up, 
and milled into a paint exhibit progressively more total degradation during 
irradiation. '     ' 

Titanium Dioxide 

Some preliminary fundamental studies have been initiated with rutile 
titanium dioxide pigments containing various impurity levels in an effort to 
determine damage mechanisms when the pigment is exposed to solar radi- 
ation,   electron irradiation,   or combined environments. (^2)   Electrical- 
conductivity measurements and gas-evolution experiments under exposure 
to UV excitation were conducted to investigate the role of the surface of the 
pigment particles. 

Pigments used for this work included a high-purity rutile (220 ppm 
silicon,   60 ppm aluminum,   100 ppm nickel,   10 ppm magnesium,   and 
21 ppm carbon) prepared by a proprietary colloidal process by W. R.   Grace 
and Company,   and a stabilized rutile pigment,   Du Pont Ti-Pure R-910 
(4000 ppm aluminum,   1000 ppm silicon,   10 ppm magnesium,   and 87 ppm 
carbon).    Binderless samples of the pigment were prepared by a spray 
technique and by a casting method.    Also,  pigmented silicone samples were 
prepared.    The silicone was General Electric's RTV-602 cured with tetra- 
methyl guanidine. 

In the course of the work,  the effect of exposure to UV from an un- 
filtered xenon arc (Spectralab X-25 solar-spectrum-simulation source of 
4 suns) was determined.    See Figure C-75.    The pigment was the high- 
purity rutile which had been dry pressed to a density of 1. 5 g/cm3.    Sam- 
ples were also exposed to electron radiation (Figures C-76 and C-77) and 
to simultaneous UV and electron irradiation (Figures C-78 and C-79). 
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The conclusions reached were: (62) 

The diffuse reflectance spectra of all irradiated 
specimens degraded. 

UV irradiation produced significantly more degrada- 
tion in the visible than in the IR region,  while electron 
irradiation produced a relatively uniform degradation 
across the spectrum. 

The saturated magnitudes of the UV and electron 
degradations were about the same. 

All the damaged samples showed recovery at room 
temperature in vacuum (about 10"° torr).    The UV- 
damage recovery tended to destroy all the defect 
centers,  whereas the electron-damage recovery 
is more rapid in the IR and small in the visible 
region.    In both,   recovery essentially ceased in 
about 4 to 6 hours. 

Renewed irradiation with electrons following re- 
covery produced new absorbing centers in the 
visible region,   but the IR reflectance degradation 
for the second irradiation was about the same as for 
the first. 

Simultaneous UV and electron irradiation resulted 
in saturation behavior only near 1 micron,  indicating 
a synergistic effect in the IR 

Recovery from simultaneous UV and electron bom- 
bardment lead to almost complete recovery in the IR 
within a day,  whereas little recovery in the visible 
was observed at this stage. 

Recovery after exposure to air 53 days later was 
essentially complete to the preirradiation vacuum 
characteristic for all specimens. 
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Titanates 

Zinc orthotitanate (Zn^TiO^.) is a spinel that is formed from 2 moles 
of ZnO and 1 mole of anatase TiC>2.    The most stable product to date is 
formed at 1050 C.    The extraordinarily hard product requires considerable 
energy to grind into a suitable powder.    It is believed that the grinding is 
largely responsible for the random instability that has been observed in 
space-simulation tests employing in situ reflectance measurements. (   ^) 
Zinc orthotitanate exhibits bleachable degradation in the 0.4 to  1. 5-/J 
region,  with the damage centered at about 0.9 p. 

The extraction of all residual,  unreacted zinc oxide with acetic acid 
has been found to be necessary for the elimination of a strong absorption 
in zinc orthotitanate at 3500 A wavelength.    Unextracted zinc oxide and 
excess titania are believed to be in part responsible for the bleachable IR 
damage observed. (23)    This pigment appears promising as a stable mate- 
rial when properly prepared.    Work is continuing on developing methods 
for producing a stable material. (t>3,o4)   other titanates such as iron 
titanate are also being investigated. 

Zirconium Silicate 

A series of zirconium silicates  (ZrC^'SiC^) have been synthesized 
and examined for use as pigments in thermal control coatings. *   '   Calcina- 
tion temperature,   purification,   and grinding conditions are important for 
stability in a space environment.    A thermal-control coating consisting of 
Zr02«Si02 in potassium silicate (K2SiÜ3) has shown excellent stability 
when subjected to 485 sun hours in vacuum.    Aas for one coating was 0. 04. 
The coating has shown excellent stability to proton and combined UV- 
proton environments.    After exposure to Z x 10$ rads  (C),   gamma,   and 
4 x 10 14 nfvt,   neutron,  Aag was 0. 03. (8)   Work is continuing on the devel- 
opment of this pigment. 



BINDERS 

Silicone Binders 

Polydimethyl siloxanes are the most stable polymers available in 
terms of UV irradiation in vacuum.    Both elastomeric and rigid cross- 
linked silicone polymers are stable.    Since they are essentially trans- 
parent to UV,  their stability is primarily a function of their purity; thus 
the amount of amine catalyst used to cure the linear polymers greatly 
influences the stability of the system.J°) 

General Electric methyl silicone RTV-602 coated over 1199 alumi- 
num reflector sheet was tested as part of the Lunar Orbiter V flight ex- 
periment.    The increase in a/e of this coating can be considered to 
indicate the "true stability" of the binder.    This was the degradation of 
an unprotected binder,   and therefore the damage incurred by the RTV-602 
can be considered a maximum degradation for this material.    The ad- 
dition of a pigment to this binder would generally lower the quantity of 
solar-UV radiation that the binder would be exposed to and,   as a result, 
lower the degree of binder damage.    Figure C-80 shows the change in 
solar absorptance of a thermal-control coating,   Hughes H-10 [calcined 
(mono 90) clay/RTV-602]   and the RTV-602 over 1199 aluminum.    Since 
the H-10 contained a relatively stable pigment,   and with the change in 
absorptance of the RTV-602 as shown in Figure C-80,  it is considered that 
a significant portion of the damage to the H-10 coating can be attributed to 
the degradation of the binder.    There was,   of course,   sporne attenuation of 
the binder damage due to the presence of the pigment. 

Phenylmethyl silicones undergo considerably greater optical damage 
when irradiated with similar doses of UV in a vacuum.    The difference 
between aromatic and aliphatic silicones is believed to be due principally 
to the relative degree to which they absorb near-UV radiation.    The phenyl 
groups absorb UV preferentially,  whereas the entire methyl silicone mole- 
cule is comparatively transparent.    The predominant mechanism is thought 
to be dehydrogenation,  whether it be methyl or phenyl segments that are 

affected. 
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INDEX 

3M202-A-10 Coating   12,69,C33 
1100 Aluminum   70-72, B14 
1199 Aluminum   55, 57, 79, C4, C45 
2024 Aluminum   41,A1,A7 
6061 Aluminum   53,70,Al 
Absorptance - Use Solar Absorptance 
Absorptance to Emittance Ratio   1, 

2, 17,18,33,36,37,39,40,42,44-46, 
50, 55, 56, 59-61, 63, 64,67,68,79, 
Al-A8, B2, B6, B14, B25, C3, C10-' 
C14,C27,C30,C32 

Acrylic Resin   8, 42, 43, A6, B29, B31 
Active Temperature Control   17 
Adhesion   54, A3, A4, B30 
Adhesives   59, 67, 69, Al, A2, A4 
Air   3,5,19,28,29,32,53,C9 
Alodine    12,58 
Alpha Particles   2, 4, 22, 23, 25, 27, 56 
Aluminized Mylar   60, 69, A2 
Aluminized Polyimide    14, 6l,A5,C29 
Aluminized Teflon   5, 14, 60, A5, C5, 

C6,C27 
Aluminum   3-6,8,12,14,16,18,36, 

39-41,50,51,53-67,69-72, 79, Al, 
A2, A4, A5, A7, B2, B3, B26, B27, C5, 
C14, C19-C21, C23, C26, C27, C30- 
C32,C36,C42 

Aluminum Acrylic Paint   A6 
Aluminum Foil    A1,A2,C14 
Aluminum Oxide   4,10,14,48,49,54- 

56,63,65,66,68,A5,A7,C1,C4,C9- 
C13,C19-C21,C23,C32 

Aluminum Silicate   6,16,36,39,40, 
48, B3 

Aluminum Silicone Paint   18, 36,41,53 
Alzak   C23,C24 
Anodized Aluminum   4,12,39,50,51, 

54-57, 70, C2-C4, C15, C22, C34, C35 
Apollo   15, 16,39,51,57, 63, C2 
Ascent Force   A2 

Ascent Temperature   43,44,46,59, 
A1,A4,A5,B28 

ATS-I   7,11, 15,29,39,49,66,B6, 
B25,C10-C13,C30,C32 

ATS-III   13,56,63,65,66 
Auroral Radiation   2, 20, 24, 27 
B-1056 Coating   6, 28, 36, B4-B6, 

B14,B15,C14 
B-1060 Coating   35, 36, 41, 53, B2, 

B14,B20,B21,C14 
Beryllium   A2,A3 
Binders   3,6,8,44-46,79 
Bismuth Sulfide Dye   70 
Bleaching   28-30,35,45,47,49,78 
Blistering   9, 42, 43, 69, A4, A6, B30 
Butvar   12, 43, 58-60, B3, C5, C26 
Cameo Aluminum 2082 Porcelain 

Enamel   70 
Carbon Black Pigment   45, A3 
Cat-a-Lac Coating   45 
Cerium Oxide   69 
Cermet   A3 
Chrornate Coatings    58, A2 
Chromium Oxide   54, A3 
Cobalt Sulfide Dye   70,C34 
Color Centers   48,49,52,55,62,69 
Copper   59, C26 
Corning 7940 Fused Silica - Use 

Silicon Oxide 
Cosmic Radiation   20, 26, 27 
Cracking   33, 41, A4 
Crazing   38, 60 
Cryogenic Temperature   4,11,35, 

54, 55, B3 
Damage Threshold   38, 52 
Defect Centers   74,75 
Dielectric Materials   63, 65, 66, 

68,A5 
Dimethyl Siloxane - Use Methyl 

Silicones 
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Douglas Inorganic White   10, 53 
Dow-15   A2 
Dow-17   A3,B28 
Du-Lite-3-D   71,C37 
Electrical Conductivity   75,76 
Electromagnetic Radiation   2, 19, 27 
Electron Irradiation   2-4, 7, 9, 11, 13, 

15,20-24,27,30,34,35,37,38,40, 
41,46-50,52,55,57,60-62,65,66, 
69,71,76,77,B1,B2,B15-B18,B20, 
B22,B23,B26,B30,C1,C4, C7,C9, 
C10,C16,C24,C28,C31-C45 

Electron Isoflux Contours   A14 
Electron Paramagnetic Resonance 

74,75 
Electrostatic   A5 
Emittance 1,6,8,10,12-14,16,31, 

37,39,42-49,51,53-55,57-59,67, 
71, 72, Al -A8, B2, B3, C2-C5, C19, 
C20,C25,C34-C43 

Engine Heat Shield   A2 
Epoxy Resins    8, 43-45, 69, B29, B31 
Equipment-Mount Decks    33,B15 
Ethyl Silicone   34 
Explorer XXIII   15, 16, 63 
Fasson Foil   Al 
Ferrocyanide-Ferricyanide   75 
Flat Absorbers    1, 17, 18, 71, A3, A9 
Flat Reflectors   1, 17, 18, 72, A6, A9 
Fluorescent Lights   A4 
Fuller Aluminum Silicone Paint   A6 
Fuller Black Silicone Paint   A3 
Fuller Gloss White Silicone Paint   8, 

41,42,A4,B28,B29,B31 
Galactic Radiation   2,4 
Gemini    71 
Goddard 101-7 Coating   34, B18 
Gold   18,59,A2,A5,C26 
Hanovia Gold 6518   A2 
High-Altitude Nuclear Detonation 

5,24 
Hughes Inorganic White   10,36,41, 

48,79,B2,B14,C9,C14,C19 

Hughes Organic White Coating   6, 
16, 36, 39,40, B2, B14, B26, C14, 
C45 

Inconel   67, 68, 71, 72, A2-A4, C38, 
C40,C43 

Inconel X   A2,C41 
Infrared Wavelengths 1,3,4,18, 

19,27,28,30,31,34,35,37,38,40, 
42,44, 52, 54, 57, 61, 62, 64, 65, 68, 
69,74-78,A3,A4,Bl,B2,B6-B13, 
B16-B24,B26,B27,B29,B31,C8- 
C10,C15,C19,C21,C22,C24-C26, 
C28-C45 

In Vacuum - Use Vacuum 
Iron Titanate   78 
Kapton    14,61,62,A5,C28,C29 
Kemacryl Coating   8, 18, 42, 43, A3, 

A4, B30 
Lanthanum Oxide   53, B29, B31 
Lead Sulfide Dye   70 
Lithafrax   10, 46, 47, C8 
Lithium Aluminum Silicate   10,46, 

47,A5,B29,B31 
Lockspray Gold   A8 
Luminescence   74 
Lunar Orbiter I   7, 33, B5, B12, B15 
Lunar Orbiter II   7, 32, 33, B12, B15 
Lunar Orbiter IV   7,11,24,33,34, 

36,41,53,B13,B14,C19 
Lunar Orbiter V   5,7,11,16,24,33, 

3 6,39-41,50,53,B13-B15,B26, 
B27,C13 

Magna-Laminac X-500   45 
Magnesium   A2-A5,B28 
Magnesium Fluoride   12,63,66,68, 

69 
Magnesium Oxide   43,B31 
Magnetic Susceptibility   74 
Mariner II    60 
Mariner IV   5, 11,45, 50, C13 
Mariner V   5,7,15,16,24,29,34, 

45,60,B5,B6,B14 
Mechanical Fastening   A2 
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Methyl Silicones   3,6,16,28-41,51, 
76, 79, A5, B1-B25, B27, C2, C14, 
C15,C45 

Micobond Paint   18, A3, A8 
Micrometeoroids    2,34 
Mirrors   5,12,16,58,62,63,66,67 
Models   73-75 
Molybdenum   12, 68, 69, A2 
Mylar   59, 60, 69, C26 
Mystik 7402   A2 
Neutron Environment   25 
Nichrome   54, A3 
Nickel Plate   71, A2, C36 
Nickel Sulfide Dye   70, C35 
Nuclear Radiation   6, 8, 10, 12, 37, 38, 

41,43-45,47, 50, 55, 56, 78, B3, B31, 
C4, C8,C26 

OGO-VI   5,15,61 
OSO-I   5,9,44 
OSO-II   9, 11,29,44, 50, C13 
OSO-in   11,13,24,29,34,50,57, 

67,68 
OSR   A4,A5 
Outgassing   67, 69, 73, 76, Al, A4, A5 
Passive Temperature Control   17 
Pegasus-I   7,29,44, B5 
Pegasus-II   5, 11,44,50,C13 
Pegasus-III   44 
Phenylated Silicone   6, 38, 40, 79, B2, 

B24, B26, C27 
Platinum   A3 
Platinum Black   A3 
Polyimide   14, 62, C28, C29 
Polyurethane   45 
Polyvinyl Butyral   12, 43, 58-60, B3, 

C5,C26 
Porcelain Enamel   70, A5 
Potassium Silicate   3,4, 5, 10,30-36, 

39, 48-53, 55, 78, B3, B29, B31, Cl- 
C4, C9-C16 

Proton Irradiation   2,4,7,9,11,13, 
15,20-27,30,35,37,38,40,42,43, 
49-53, 55, 56, 58, 60,62,66,69,78, 
B5,B8-B11,B19,B20,B24, B29, 
C1,C6, C7, C10,C13,C15-C17, 
C29,C33 

Proton Isoflux Contour   A10-A12 
PV-100   8,42,B29,B30 
Pyromark Black Refractory Paint 

72,C42, C43 
Pyromark TiC>2 Silicone   B24 
QMV Beryllium   A2,A3 
Quilted Inconel Foil   A2 
Reflectance Degradation 3, 5, 7, 

28-30,32-34,36,38,40-43,48,49, 
52,54,56,57,60-62,65-67,69,75, 
77,B1,B2,B4, B6,B12, B13,B15- 
B18, B20-B24, B26, B27, B29-B31, 
C3,C9,C10,C14,C16,C19,C21- 
C24, C26-C45 

Rene 41    54,A2,A3 
Reynolds Wrap Foil   A8 
Rokide A   A7 
Rokide C    12, 54, A7 
S-13 Coating   6,16,28-36,40,51, 

Bl, B2, B4-B7, Bl 1-B17, B19, B20, 
C15 

Sandoz Black Dye   70 
Series-Emittance Coatings   58, C5 
Sherwin Williams M49BC12   A3, 

B29 
Sherwin Williams M49WC17   A4, 

B31 
Silicone Adhesive   59, 67, A2 
Silicone-Alkyd   8,41,42 
Silicone Tape   A7 
Silicon Oxide   5,12,14,16,62-68, 

A4,A5,C2, C29-C31 
Silver   12, 16, 59, 66-68, A4, A5, C26 
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Silvered Teflon   5, 14, 60, 61, C6, C25 
Sky spar SA 9185   A4 
Sodium Dichrornate   71,C39-C41 
Sodium Silicate   10, 46,47, B3, B29, 

B31,C8 
Solar Absorbers    1, 17, 18, 68, Al, 

A2,A9 
Solar Absorptance   1,5-16,28-31,33, 

35-37,39-53,55-58, 60, 61, 63, 67, 
68,70-74,78,Al-A8,Bl-B3,B5- 
B12,B14,B15,B19-B21,B24,B27- 
B31,C2-C8,C13-C15,C17,C18, 
C20,C22,C25,C27,C30,C34-C43, 
C45 

Solar Concentrator   5, 66 
Solar Flares   2,20,23,27,61 
Solar Opacity   A3, A4 
Solar Radiation   18, 36, 52, 64, 78, A4, 

B5,B6,B12,B14,B24, B25,C10,C11, 
C13, C23, C24, C27, C32, C34-C43 

Solar Reflectors    1-3,5, 12, 16-18,20, 
67, 68, 79, A4, A5, A9, C7, C45 

Solar-Thermoelectric Systems    68,69 
Solar Wind   2, 4, 5, 20, 23-27, 50, 58, C7 
Stainless Steel   71, A2, A4, A7, C37, C39 
Superalloys   A4 
Surveyor I    11,48 
Synergistic Effects    7,9,11,13,15,23, 

24,30,38,48, 55, B20,C17,C18 
Tantalum   A2 
Teflon   5,14,58-61,C5,C6,C25,C27 
Temperature Effects   7,11,15,52 
Thermal Cycling Resistance   A3, A4 
Thermal Shock   A3 
Thermal Stability   A3 
Thermatrol 2A-100   6, 16, 37, 38, A5 
Titanium   A2,A4 
Titanium Oxide 10, 16,36-39,41-44, 

50, 53, 76, 77, A5, B2, B21 -B25, B29, 
B31,C2,C11-C13,C44,C45 
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Ultraviolet Radiation   3-6, 8, 10, 12, 
14,19,20,24,25,27-32,34-38, 
40-44,46-53,55-57,59-63,65,66, 
68-71, 73-77, 79, Al-A8,B1,B2, 
B4,B6,B7,B9-B11,B19-B21,B27, 
B29,B31,C1,C3-C5,C7-C10,C15- 
C18,C22,C28,C29,C31,C44,C45 

Ultraviolet Wavelengths    1,3,18, 
19,30,37,38,43,44,57,61,62,65, 
77,B8-B13,B16-B24,B26,B27, 
B29-B31,C8-C10,C13,C16,C24- 
C29,C31-C33 

Vacuum   5,6,8,10,12,14,18,19, 
28-32,35,37,41-43,46-49,53-55, 
61-63,65,69-71,73,75,77-79, Al, 
B3,B4,B9-B11,B19-B21,B27, 
B29-B31,C3,C4,C7,C9,C10,C16- 
C18,C21,C22,C29,C31 

Van Allen Radiation Belts   2,4, 20- 
22,26,27,34,A10-A15,C7 

Vanguard   13,63,64 
Vinyl Phenolic Paint   A3 
Vinyl Silicones    37,58-60 
Visible Wavelengths    1,3, 18,19, 

27,31,37,38,40,42-44,48,54,56, 
61, 62, 65, 69, 74-78, Bl, B2, B6- 
B13,B16-B24,B26,B27,B29-B31, 
C8-C10,C14,C16,C19,C21,C22, 
C24-C26, C28, C29, C31-C45 

Westinghouse Black   71,C38 
White Paints   3,6,8,18,20,37,43, 

44,A4,A5,A7,B3,B29-B31 
White Skyspar   8, 43, 44, A4, B3, 

B29,B31 
X-Ray Radiation   13,15,19,25,27, 

59, C5 
Z-93 Coating   5,10,36,41,50-53, 

B2,B14,C3,C13-C15 
Zinc Orthotitanate   78 
Zinc Oxide   5,6,10,16,28-36,39, 

40,49-53, 73-76, B1-B21,B29, 
B31,C1-C3,C11,C13-C16 

Zirconium Silicate   10, 49, 78, B3, 
B29,B31 



APPENDIX A 

THERMAL CONTROL MATERIALS FOR SOLAR AND 
FLAT ABSORBERS AND REFLECTORS 

and 

CONTOURS OF CONSTANT FLUX ELECTRONS AND PROTONS 



6061 Aluminum, 
chemically 
cleaned 

6061 Aluminum, 
chemically 
cleaned 

TABLE A-l.    THERMAL-CONTROL MATERIALS FOR SOLAR 
!ABSORBERS(9»33.65) 

Note:    Unless otherwise indicated,   these materials show no significant change 
in absorptance or emittance in penetrating nuclear radiation in vacuum. 

Ascent Thermal- 
Absorptance and    Temperature    Ultraviolet        Cycling 
Emittance,   70 F       Limits,   F       Resistance      Resistance 

As-rolled       2.7±0.05    as = 0.16±0;04      Structural No effect No effect 
e  = 0.07±0.03 limits only 

Sheet 2.7 
sanded 
before 
processing 

= 0. 16±0. 05       Structural 
: 0.06±0.03 limits only 

The surface is 
very susceptable 
to increases in 
txs and £ caused 
by contamination. 

Ditto 

6061 Aluminu 
chemically 
cleaned 

Forging 3.2+0.08    as = 0. 29±0. 06      Structural 
e = 0. 09±0. 06 limits only 

Weld area      2. 6±0. 08    ag = 0. 26±0. 06 
e = 0.10±0.06 

2024 Aluminum, 
chemically 
cleaned (non- 
clad) 

2024 Aluminum, 
sheet (clad) 

As-rolled,      3.7±0.06    ag = 0. 20±0. 05       Structural 
hand £   =0.06±0.03 limits only 
sanded 

as = 0. 22±0. 05 
c ~ 0.06±Q.03 

The surface char- 
acteristics of the 
sheet materials 
are subject to 
variations de- 
pending on fabri- 
cations operations. 

14. 35 = 0.387 
= 0.027 

Aluminum, 
sandblasted 
(120 size grit) 

Aluminum foil, 
dry-annealed 

Aluminum foil, 
dull side 

4.28 

1. 50 

= 0.218 
= 0.051 

= 0.600 
= 0.410 

= 0. 12±0.04 
= 0.04±0.02 
= 0.223 
= 0.030 

Aluminum foil, 
bright side 

Aluminum foil, 
shiny side 

6.81 as = 0.218 
e  = 0.032 

as s 0. 192 
e  = 0.036 

Aluminum foil type 

Aluminum foil, 
plain 
(MIL-A-148) 

Not appli- 
cable 

= 0. 12±0.04      Structural No effect No effect 
= 0. 05±0. 02 limits only 

Subject to degrad- 
ation from pre- 
launch environ- 
ment.    Adhesive 
is limiting factor 
in space environ- 
ment. 

Fasson Foil 
(Rubber-based 
adhesive backed 
bright aluminum 
foil.    Type I has 
a clear protec- 
tive coating. 
Type II is base 
only. ) 

Any clean       3. 0+°' °5    as = 0. 12±0.04 
rigid ~°- °4      £ = 0.05±0.02 
surface 

No infor- 
mation 

Must not be exter- 
nal during ascent. 
Foil should be 
perforated (1/32- 
in.  diam.  on 1/2- 
in.   centers) to 
prevent lifting due 
to gas evolution 
in vacuum.  
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Mystik 7402, 
silicone based 
adhesive backed 
aluminum foil 

Quilted Inconel 
Foil (H.   I.   Thom- 
pson Specification 
No.   TPS 0101B) 
MIL-N-6840 

TABLE A-l.   (Continued) 

Substrate     as/e 

Ascent Thermal- 
Absorptance and    Temperature    Ultraviolet Cycling 
Emittance,   70 F       Limits,   F       Resistance      Resistance Remarks 

Any clean, 
rigid 
surface 

-0.04 
: 0. 12±0.04 

Not appli-    3.17±0.07    as=0.38±0.05 
cable e  = 0. 12±0.05 

750 

2200 

No effect No infor- 
mation 

No effect No effect 

If applied external- 
ly,   the tape should 
have mechanical 
fastening on both 
ends to prevent as- 
cent forces from 
peeling the tape 
from substrate. 
Subject to handling 
degradation. 

Very susceptible to 
increase in as 

and by fingerprints 
and oxidation in 
prelaunch environ- 
ment.    Primarily 
for engine heat 
shield usage. 

Inconel X Foil, 
MIL-N-7786 

QMV Beryllium, 
chemically 
polished 

Not appli-    4.40±0.10    as=0.66±0.09 
cable £   = 0. 15±0.05 

1500 

Not appli-    5.00±0. 
cable 

as = 0.50±0.06       1700 (test 
£  =0.10±0.06 matmum) 

No effect 

No effect No effect 

Subject to handling 
degradation. 

High ascent tempera- 
ture has no effect 
on (X    or £  if at 
pressure of 0. 05 
torr or less. 

Hanovia Gold 6518 
on   Rene' 41 

Rene 41 6.0±0.O8      as = 0.53±0. 06 
e  = 0.09±0.06 

900 (no 
change) 

No effect May be suitable for 
other su"bstrates. 
At 1700 F,   values 
changed to o.s  = 
0.8±0.O6 
e  = 0.40±0. 10, 

Gold,  plated 
on stainless 
steel 

Gold over 
titanium with 
resin undercoat 

Gold,   vacuum 
deposited 

Molybdenum, 
slug 

Chrome- 
aluminized 
Mylar 

Electroless 
nickel 

Pure tantalum 

Rene 41,  vapor 
honed and buffed 

Production Dow  15 
on HM21A 
magnesium 

Stainless     10.77 
steel 

Titanium       9. 10 

HM21A 11.98 
magne- 

= 0 301 
£ = 0 028 

a. = 0 300 
£ = 0 033 

a. = 0 282 
e = 0 034 

a. = 0 480 
£ = 0 122 

a. = 0 247 
£ = 0 085 

a. = 0 450 
£ = 0 170 

as = 0 442 
£ = 0 081 

a. = 0 398 
£ = 0 103 

a. = 0 359 
£ = 0 030 
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TABLE A-2.    THERMAL-CONTROL MATERIALS FOR FLAT 

ABSORBERSC9» 33,65) 

Black Kemacryl 
Lacquer (Sherwin 
Williams M49BC 
12),   room-temp 
cure 

Fuller Black 
Silicone Paint 
(W.   P.   Fuller 
517-B-2) 

Rokide C (chromic 
oxide,   flame 
sprayed by Norton 
Abrasive Co. , 
85% Cr203) 

Platinum Black 
(deposit of 
finely divided 
platinum on 
OMV beryllium) 

Dow  17 
(Anodized on HM 
21 A Magnesium 
Alloy) 

Dull Black Mico- 
bond  (Midland 
Industrial 
Finishes) 

Ascent 
Absorptance and    Temperature 
Emittance,   70 F        Limits,   F 

Thermal- 
Ultraviolet Cycling 
Resistance       Resistance 

Any clean     1.06±0.04 
rigid 
substrate; 
primer 
required 

HM21A-T8   1. 01±0. 07 
Mg,   Hm 
21A-0 
Mg,   Al, 
Ti,   stain- 
less steels. 
super-alloys, 
and other rigid 
substrates cap- 
able of withstand- 

= 0. 93±0. 03       No effect at 
= 0.88*0.03 450 

: 0. 89±0. 05       No effect at 
: 0.88±0.05 1070 

A' s<0.05 
after 600 
sun   hr UV 

Aas<0. 05 
after 600 
sun   hr UV 

ing cure eye. le 

HM21A Mg 
Alloy 

=0.78±0.08 
=  0.70±0.06 

: 0. 93±0. 04 
: 0. 89±0. 04 

No effect at 
500 

No failure 
in 385 
cycles 
-150 to 
70 F,18- 
min cycles 

Cracking 
and loss of 
adhesion 
in 170 cy- 
cles -240 
to 70 F, 
18-min 
cycles 

Rene    41 
with a 2- 
mil coat- 
ing of 
Nichrome 

. 06±0 06 =  0 
= 0 

90±0 
85±0 

04 
04 

No effect 
1660 

at No effect No failure; 
70 to 
1600 F 
in 5 min- 
utes 

QMV 
beryllium 

. 11±0 08 ' S 
£ 

= 0 
- 0 

94±0 
85±0 

03 
07 

No effect 
1200 

at No effect No informa 
tion; prob- 
ably no 
effect 

1.5- mil dry film 
thickness  required 
for solar and in- 
frared opacity. 

1 -mil dry film 
thickness  required 
for  solar and in- 
frared opacity; 
peak cure-cycle 
temperature, 
465 F. 

The bonding between 
Rokide C and the 
substrate is purely 
mechanical and 
thermal shock is a 
potential problem. 

Possesses  stable 
high-temperature 
emittance. 

Proprietary process 
of Dow Chem.   Co. ; 
thermal  stability 
>500 F doubtful. 

Dull Black Mico- 
bond,   vinyl 
(phenolic) Paint 

Carbon-Black 
Pigment 

Cermet (ceramic 
containing 

sintered metal) 

as   = 0.930 
t   = 0.840 

as  =0.908 
e  = 0.780 

as  = 0.650 
L  = 0.580 
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Material 

Tinted White 
Kemacryl 
Lacquer (Sher- 
win Williams 
M49WC17), 
room-temp cured 

Full   r Gloss White 
Suicone Paint 
(5W-W-1),   cured 
at 461 F 

White Epoxy Paint 
(A.   Brown Sky- 
spar SA 9185) 

TABLE A-3.   THERMAL-CONTROL MATERIALS FOR SOLAR 
REFLECTORS^S.Se^g.SO.eS) 

Ascent 

Cs/£ 

Thermal- 
Absorptance and    Temperature    Ultraviolet Cycling 
Emittance,   70 F       Limits,   F       Resistance      Resistance Remarks 

Any clean, 
rigid 
surface, 
primer 
required 

28±0.04 

89+0'03 
-0.06 

0.2 HM21A 
T8 Mg. 
Hm21A- 
O Mg,  Al, 
Ti,  SS, 
super- 
alloys, 
and other 
rigid sub- 
strate cap- 
able of 
withstanding 
cure cycle 

Any rigid      0. 
surface 

+ 0. 04 
-0. 07 

=0.25±0.03 

= 0.90+°-" 

-0. 07 

Aas  = 
0.18±0.04 
after 2000 
sun   hr 

No failure 
in 385 
cycle s 
-150 to 
70 F, 
18-min 
cycles 

650 A-s = 0.09 
±0. 05 
after 2000 
sun   hr 

Cracking 
and loss of 
adhe sion 
in 170 cy- 
cles -240 
to 70 F, 
18-min 
cycles 

5-mil dry film 
thickness required 
for opacity to 
solar;  1 -mil thick- 
ness sufficient for 
opacity in IR. 
Requires   14 days 
at room- 
temperature cure 
to minimize blis- 
tering during 
ascent heating. 
Used where maxi- 
mum ascent tern-, 
perature is <450. 
If no change in sur- 
face can be toler- 
ated,   max     tem- 
perature <200 F. 

5-mil dry film thick- 
ness required for 
opacity to  solar; 
1 -mil thickness 
for opacity in IR.' 

Optical Solar 
Reflector (OSR), 
vapor-deposited 
silver on Corning 
7940 fused  silica 
with an overcoating 
of vapor-deposited 
Inconel 

0. 062 

„  „,+ 0. 03 
^°-91-0.06 
e = 0.22±0. 04 

450 Aa, = 0. 35 No failure 
200 to 

450 F;as 

±0. 06 
after 2000 

in 385 cy 
cles  -150 

increases sur hr to 70 F, 
by 0. 04 18-min 
(constant) cycles 
maximum 
allowed 

s  = 0. 50±0.005 500 
£ = 0. 795±0.02 
(-135 to +70 F) 

a    highly susceptible 
to change from 
prelaunch sun- 
light and fluores- 
cent lights.     Not 
recommended 
where <xs/e  is 
critical. 

4-mil dry film, 
14-day cure to 
minimize outgas- 
sing of adhesive 
during ascent. 
500 F limit due to 
adhesive. 
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TABLE A-3.   (Continued) 

Substrate     \/c 

Ascent 
Absorptance and    Temperature 
Emittance,   70 F       Limits,   F 

Thermal- 
Ultraviolet Cycling 
Resistance      Resistance Remarks 

Optical Solar Reflector 
(OSR),   vapor- 
deposited aluminum on 
Corning 7940 fused 
silica with an over- 
coating of vapor- 
deposited  silicon 
monoxide 

0. 124 0. 100±0. 005 
0. 795±0. 02 

14-day cure to 
minimize out- 
gassing during 
ascent. 

Aluminum,   coated 
with silicon 
monoxide 

= O.510 
= 0.700 

White Porcelain 
Enamel 

Thermatrol 2A- 
100).   white air 
drying  silicone 
paint (TiO^ pij;- 
mented tl imethyl 
s i loxane) 

= 0 256 
= 0 828 

= 0 16±0.03 

= 0 95±0.03 

650 Surface is soft and 
rubbery.    Material 
is electrostatic. 
24-hr cure at room 
temperature re- 
quired. 

Maines ium.   coated 
with s il ica oxide 

- 0.210 
= 0.830 

l.ithiatcd Aluminum 
Silicate Inorganic 
Paint 

= 0.180 
- 0.870 

White Silicate paint      1100    Al 0.17 
(LMSC) 

White Silicone Air- Any rigid      0. 16 
Dry Paint (LMSC) sub- 

strate 

0.13±0.0 3 
0.85±0.04 

s   =0.14 
e   =0.86 

Aas  = 0. 04 
after 2000 
sun   hr 

Accs   = 0. 03 
after 2000 
sun   hr 

Cured at 400 F. 

Metal   films   (silver, 
aluminum,   gold) with 
dielectric ove r lay 
(SiO^.   Al2Oj) Solar 
absorptance controlled 
by choice of metal 
film,   emittance deter- 
mined by thickness of 
dielectric   layer 

Aluminized FEP 
Teflon,  emissivity 
dependent on thick- 
ness of Teflon 

Silvered FEP-Teflon 

Aluminized Polyimide 
(3 mil Kapton) 

is   = 0.05±0.02 
(silver) 

is  = 0.14±0.02 
(aluminum) 

^s  = 0.20±0.02 
(gold) 

c  _ 0. 03 (500 angstrom 
dielectric overlay) 

to 
c   = 66 (60,000   angstrom 
dielectric overlay) 

as = 0. 13 to 0. 16 
e = 0. 26 to 0. 89 

a    = 0. 07-0. 09 
e dependent on 

thickness 
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Material 

TABLE A-5.    MISCELLANEOUS THERMAL-CONTROL MATERIALS(9) 

Substrate as/e 

Ascent 
Absorptance and    Temperature 
Emittance,   70 F       Limits,   F 

Thermal- 
Ultraviolet Cycling 
Resistance      Resistance Remarks 

LMSC Silicone 
Tape (1A48) 

Rokide A,   alumi- 
num oxide,   flame 
sprayed by Norton 
Abrasive Co. , 
San Jose,   Calif . 

Any rigid      0.18 
substrate 

as =0 
e = 0 

16 
86 

Any                   0.36±0.05 
metallic 

as =0 
£   = 0 

27±0.04 
75±0.03 

substrate 

700 Aas = 0. 04      No effect 
after 2000 
sun  hr 

This material was 
used on Explorers 
1,   3,   and 7 and 
Tiros 2.     Total area 
covered by this 
material small; 
actual performance 
of material can- 
not be evaluated. 
Tiros 2 trans - 
mitted 1 yr,   Ex- 
plorer 7 trans- 
mitted about 2 yr. 

Stainless Steel 
AISI 410, 
sandblasted 

Not 0.88 
applicable 

■ 0.75 
: 0. 85 

No infor- 
mation 

This material with 
Rokide A stripes 
was primary 
thermal-control 
surface of Explor- 
ers  1,3     and 4. 

Aluminum (2024), 
sandblasted 

Al alloy 
(2024) 

0.42 
: 0.21 

No infor- 
mation 

Material used in 
Explorer 7 as 
support for solar 
cells and as  stif- 
fener ring between 
glass  reinforced 
polyester conical 
sections of space- 
craft structure. 
Thermal design 
was 0 to 60 C. 
While in   orbit in- 
ments in space- 
craft were never 
lower than 16 C or 
higher than 41 C. 
Transmitted from 
10/13/59 to 
8/24/61. 

LMSC White 
Silicone Air 
Dry Paint 

Any rigid      0.16 
substrate 

: 0. 14 
: 0.86 

Aas ± 0. 03 
after 2000 
sun  hr 

No effect 
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TABLE A -5.   (Continued) 

Material as/e 

Ascent Thermal 
Absorptance and    Temperature    Ultraviolet Cycling 
Emittance,   70 F      Limits,  F       Resistance      Resistance Remarks 

Black Mit. o- 
bund (Ll>X%2i 

Midland 
Industrial 
Finishes Co. , 
Waukegan,   111, 

Reynolds Wrap 
Foil,   smooth 

Lockspray 
Gold 

Any metal    1. 11 ±0. 05 
surface 

= 0.93±0.04 
■ = 0.84±0.03 

Not appli- Dull side as = 0.20 
cable 5. 0; e = 0. 04 

shiny <*, = 0. 19 
side e = 0.03 
6.3 

Anodized 7. 3 to 4.8 0^ = 0. 22 to 
Mg or 0. 24 
Al alloys e = 0. 03 to 
coated 0.05 
with clear 
or white, 
glossy or 
matte epoxy 

No 
information 

Structural 
limits only 

No effect 
to 400 F 

No effect 
after 500 
sun hr". 

No effect 

No infor- 
mation 

No infor- 
mation 

No effect 

No effect Material used as 
coating on visor 
of face plate on 
Astronaut White's 
helmet during 
extra-vehicular 
activity in the 
Gemini 4 mission; 
used as coating on 
interior of Gemini 
5 adapter  section 
with substrate of 
white epoxy on 
Dow 17 treated Mg 
alloy HK31A-H24. 
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J l__l I 1—1 
2.0 3.0 

EAJiTII RADII 

FIGURE A-2.    PROTON ISOFLUX CONTOURS (E > 4 MeV) 

Contours are labeled in units of protons/ 
cm2-sec, RE = 3440 nm. t10'11) 

0.4 1.8      2.0      2.4      2.8 

EARTH RADII 

4.0 

FIGURE A-3.   PROTON ISOFLUX CONTOURS (E > 15 MeV) 

Contours are labeled in units of protons/ 
cm2-sec, RE = 3440 nm. (n) 
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FIGURE A-4.    PROTON ISOFLUX CONTOURS (E > 34 MeV) 

Contours are labeled in units of protons/ 
cm2- sec, radial distance is in earth radii, 
RE =3440 nm.t10'11' 

0.4        0.8 1.2 1.6 2.0        2.4        2.8        3.2        3.6 

EARTH RADII 

FIGURE A-5.    PROTON ISOFLUX CONTOURS (E > 50 MeV) 

Contours are labeled in units of protons/ 
cm2-sec, RE = 3440 nm. (n) 
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APPENDIX B 

TABLES AND FIGURES FOR ORGANIC 
THERMAL-CONTROL COATINGS 



TABLE B-l.   EFFECT OF WAVELENGTH OF ULTRA VIOLET ON SPECTRAL 
ABSORPTANCE OF S-13 COATING(

Z1
) 

Peak Energy Abso rbed 
Irradiation by Sample, 106 <p\,   \0'& 

Wavelength,   m/i joule s/m Aas<a> joule s/m' 

255 (4.86 eV) 7.3 0.035 0.48 

273 (4. 54 eV) 14.6 0. 038 0.26 

293 (4. 23 eV) 21. 7 0. 026 0. 12 

350 (3. 54 eV) 60.0 0.015 0. 03 

(a)  Initial as * 0.200. 

TABLE B-2.   DECREASE IN REFLECTANCE IN S-13 (TYPE B)(3) 

Measured After AR = Ri - Rf(°C) at Selected Wavelengths 

Exposure tor 425 my 590 my 950 my 1, 200 nil 1, 550 my       2, 100 my 2, 500 my 

UV only 1 1 3 6 10 22 14 

Electrons only 0 2 6 11. 20 37 26 

Arithmetic 1 3 9 17 30 59 40 

Sum of above 

Consecutive 0 2 4 7 15 30 19 

exposure to 

UV, then to 

electrons 

Simultaneous 0 2 7 12 24 43 30 

UV-electron 

exposure 

UV exposure = ,18 E.SH. 
Electron exposure = lO1^ e/cm2. 
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TABLE B-3.    INITIAL ABSORPTANCE/EMITTANCE OF 
FLIGHT COUPONS(26) 

Coating 
as Eir as/Ejr as/Eir-as/Eir 

(lab)        (lab)       (lab)    (flight)   (lab)     (flight) 

S-13-G over B-1056 
(L. O.  IV) 

S-13-G over B-1056 
(L. O.   V) 

S-13-G 

B-1060 

Hughes Inorganic (H-2) 

Hughes Organic (H-10) 

0.191    0.860    0.222    0.200 

0.191    0.860    0.222    0.187 

0.184 0.879 0.209 0.203 

0. 178 0.855 0. 208 0. 193 

0.178 0.876 0.203 0.216 

0.147 0.860 0.171 0.162 

Silicone- over -Aluminum     0.197 0.800 0.246 0.239 

Z-93 (McDonnell)                     0.184 0.880 0.209 0.183 

0. 022 

0.035 

0. 006 

0. 015 

0. 013 

0. 009 

0. 007 

0. 026 

TABLE B-4.   DECREASE IN REFLECTANCE IN Ti02 - METHYL PHENYL SILICONE(3) 

AR = Ri - Rf {% at Selected Wavelengths 

UV exposure = 18 ESH. 
Electron exposure = 5 x lO^4 e/cm2. 

Exposure to: 425 my 

36 

500 my 

17 

590 my 

8 

950 mU 1,200 my 1, 550 raP 2,100 mu 2,500 my 

UV only 4 3 2 2 2 

Electrons only 9 10 12 18 19 17 12 6 

Arithmetic 45 27 20 22 22 19 14 8 

sum of above 

Consecutive 36 19 9 5 4 3 2 1 

exposure to 
UV, then to 
electrons 

Simultaneous 40 22 15 16 16 14 13 6 

UV-electron 
exposure 
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TABLE B-5.  RADIATIVE PROPERTIES OF BUTVAR ON 

ALUMINUMC
36

) 

Thickness, Solar 
mils Ab sorptance Emittance 

0. 75 0. 18 0. 45 

3.2 0.22 0. 85 

6.5 0. 22 0.88 

TABLE B-6.    EFFECT OF SAMPLE TEMPERATURE DURING NUCLEAR IRRADIATION 
ON THE OPTICAL PROPERTIES OF THERMAL-CONTROL COATINGS(31) 

Material 

Temperature 
During 

Irradiation, 
F ± 10 Initial Final Dose 

Skyspar epoxy-based coating -100 
0 

+ 100 

+ 200 

0. 22 
0.22 
0. 22 

0. 22 

0. 22 
0. 22 
0. 23 

0. 28 

2.2 x 10ö rads (C) 
0. 6 x 1013n/cm2,   E<0.48 eV 
1 x 1014n/cm2,   E>2. 9 MeV 

in vacuum 

ZrSi04-K20/Si02 70 
-320 

0. 11 0. 13 2. 2 x 10b rads (C) 
0.11 0.22 2. 26 x 10l4n/cm2,   E<0. 48 eV 

4. 72 x 10l4n/cm2,   E>2. 9 
MeV in vacuum 

Na20-Al203.4Si02 
- Na20/Si02 

70 
-320 

0. 17 
0. 17 

0. 24 
0. 34 
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FIGURE B-3.    CHANGE IN SOLAR ABSORPTANCE OF B1056 COATING; 
LABORATORY DATA AND FLIGHT DATA<16) 
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FIGURE B-5.    SOLAR ABSORPTANCE OF S-13 AND S-13M WHITE 
COATINGS ON MARINER V TCR(18> 

FIGURE B-6.    ATS-1 FLIGHT DATA FOR S-13 COATING (20) 

 x> 3.52 p 

^X=2I2 fi 

0 200 400 600 800 

Equivalent Solar Hours, ESH 

FIGURE B-7.    REFLECTANCE CHANGE OF B1056 AS A FUNCTION OF 
UV EXPOSURE AT TWO WAVELENGTHS(l6) 
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■ — Continuous current 7.3 x I09 p/cm2/sec 
Total proton flux 2xl015 p/cm2 
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FIGURE B^5.   INITIAL REFLECTANCE RTV-602 SILICONE (3. 8 MILS) 
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LENGTHS ON THE SPECTRAL 
ABSORPTANCE OF SKYSPAR 
COATING^21) 
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TABLE C-l.   ENVIRONMENTAL CONDITIONS(40) 

Exposure Test Number: 
Pigment/Binder:(

a) ZnO/K2Si03 ZnO/K2Si03 AI2O3/K2S1O3 Al203/K2Si03 

Specimen Position:^) A      B     C     D A BCD A      B     C     D A BCD 

Radiation Environment -    UV   H+   H+ UV   H+   H+ -    UV   H+   H+ - UV   H+   H+ 

e"    e" e"   e" e"   e" e"    e" 

UV UV UV UV 

Flux Density 2.4    1.2 2.4   1.2 2.3   1.1 4.0   0.9 

(xlolO particles/cm2, s) 

Fluence 4.0    2.0 4.0   2.0 6.1   2.9 11.0   2.2 

(xlO15 particles/cm2) 

Energy 

Approximate Neutralization, 55     100 55    100 30    100 30    100 

percent 

Proton Specie H+ 

Irradiation Level 
Total Sun Irradiance/Hour 6 

UN Sun Irradiance/Hour 4 

Irradiance 

Total Sun Hour Equivalents 450 

Total Ultraviolet Sun Hour 300 

Equivalent 

Vacuum During Measurement 1 x 10-8 Torr 

Vacuum During Exposure 8 x 10"5 Torr 

Specimen Temperature Based 294 K ± 5 except for Test Number 1, position B and D, where 

on Substrate Measurement higher temperatures are suspected based on specimen 

and Substrate Control appearance after completion of the test. 

(a) ZnO New Jersey Zinc Co.,  SP-500,  99.9% pure; 0. 25-0. 35 y particle.   Pigment/Binder Ratio = 5. 2. 
Pigment ball milled with K>>Si03 for 4 hrs, sprayed 6 coats, overnight dry at 20 C, oven cured 
1 hr at 150 C, 6-mil coating. 

A1203(d) Linde Division, Union Carbide Co., 99. 98% pure, 1. 0 y particle.   Pigment/Binder Ratio = 2. 0. 
Pigment ball milled with KgSi03 for 2 hrs, oven cured 1 hr at 150 C, 5-mil coating. 

K2Si03    Sylvania Electronic Products (35% solids) PS-7. 
(b) Position A No radiation exposure. 

Position B Electromagnetic radiation exposure. 
Position C Paniculate radiation exposure (protons alone or protons plus electrons). 
Position D Combined electromagnetic and paniculate radiation exposure (with protons alone or protons 

plus electrons). 
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TABLE C-2.    SUMMARY OF APOLLO 9 THERMAL PROPERTY MEASUREMENTS(32) 

Sample Location 

Absorptance 
Emit 

Preflight Postflight 

Change, 

percent 

tance 

Material Preflight Postflight 

Zinc oxide- Service module 

potassium Upper left 0.20 0.28 40 0.93 0.93 

silicate Upper right 0.20 0.25 25 0.93 0.93 

Lower right 0.20 0.27 37 0.93 0.93 

Titanium Service module 

dioxide-silicone Upper left 0.25 0.37 48 0.86 0.88 

Upper right 0.24 0.34 42 0.86 0.88 

Lower right 0.24 0.40 67 0.86 0.87 

Chromic acid- Lunar-module 0.70 0.73 4 0.73 0.70 

anodized hatch area 

aluminum 

Fused silica- Lunar-module (a) (a) (a) (a) (a) 

filtered hatch area 

(a)   Approximately 2-percent decrease in transmittance. 
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TABLE C-3.     RESULTS OF Z-93 TESTS; INITIAL as = 0. 147<21) 

Energy Absorbed 
0X(a), Wavelength by Sample, 

joules/m^ Region,   ray. Acts (joule s/m^)~ 1 

I 3.6 x 108 0. 021 0.58 x 10"10 

(250-312) 

II 1.9 x 108 0. 003 0.16 x 10-10 

(302-324) 

in 6.0 x 108 0. 003 0.05 x 10"10 

(330-380) 

increase 
Co"!      A.  

in solar absorptance         .      ,TT  -  =   Acto/H (a)    <j>A = energy dose absorbed 

EL   = total energy absorbed. 

TABLE C-4.    OPTICAL PROPERTIES OF BRIGHT ANODIZED 
ALUMINUM EXPOSED TO VACUUM- 
ULTRAVIOLET RADIATION (0. 5 mil)(5) 

Polishing bath:    Phosphoric Acid/Nitric Acid (95/5] 

Exposure,  hours(a): 0 24 96 192 

Total Reflectance, p 
Solar Absorption, as 

Emittance, e^h 65 C 
a/e Ratio 

0.84 0.72 
0. 16 0. 28 
0.83 0.83 
0. 19 0.34 

0.66 0.65 
0.34 0.35 
0.83 0.83 
0.41 0.42 

(a) To obtain ESH, multiply by 6. 
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TABLE C-5.   EFFECTS OF NUCLEAR RADIATION ON THE OPTICAL 

PROPERTIES OF BRIGHT ANODIZED ALUMINUMC
5

) 

Thermal 
Thick- Neutron Nuclear 
ness, Flux, Rads (C), 
mil K)i (as)f (e)i (e)f 1014 nvt 108 

0. 15 0. 088 0. 101 0. 70 0. 70 2. 35 2. 93 
0. 4 0. 091 0. 123 0. 75 0. 75 2.35 2. 93 
0. 5 0. 126 0. 140 0. 77 0. 78 2.35 2. 93 
0.6 0. 129 0. 80 0. 80 2. 59 2. 74 

TABLE C-6.    EFFECTS OF ELECTRON AND UV RADIATIONS 
ON ANODIZED-ALUMINUM COATINGS AT 
77 K(4) 

Sample Type 
Initial 

as 

as after 
350 ESH 

as after 
5.8 x 1015 

e/cm2 

as after 
UV and Electron 

Radiation 

Sulfuric acid 
anodized aluminum 
(1199 aluminum) 

0. 20 0. 28 0. 20 0. 27 

Barrier anodized 0.17 0.19 0.16 0.20 
aluminum (1199 Al) 

Aluminum oxide/ 0.11 0.16 0.19 0.24 
potassium silicate 
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TABLE C-7.    EMITTANCE OF TEFLON OVER VAPOR 
DEPOSITED ALUMINUM^6) 

Thicknes s mil s Total N ormal Emittance 

0. 25 0. 26 
0. 50 0. 43 
1. 00 0. 53 
2. 00 0. 67 
5. 00 0. 83 

10. 00 0. 89 

TABLE C-8.    ULTRAVIOLET EXPOSURE OF SERIES 
EMITTANCE COATINGS(36) 

Dosage 
Solar Ab 

Before 
Sample 

De scription 
UV, 

ESH(a> 
X-Ray, 

MRAD<b) 
sorptance 

After 

PJ113  on aluminum 3, 800 -- 0. 15 0. 15 

PJ113 on aluminum 170 10 0. 16 0. 17 

PJ113 on aluminum 1, 720 100 0. 16 0. 18 
Polyvinyl butyral (Butvar) 
Polyvinyl butyral (Butvar) 
5 -mil Teflon on aluminum 

100 
1, 000 
1, 150 

10 
100 
115 

0. 19 
0. 18 
0. 21 

0. 20 
0. 20 
0. 21 

(a) HSU refers to equivalent sun hours measured below 3000A. 

(b) MRAD = 106 rads. 
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TABLE C-9.    CHANGES IN SOLAR ABSORPTANCE (Aa s) OF ALUMINIZED AND SILVERED TEFLON 
WITH PROTON BOMBARDMENT(

49
) 

Solar Absorptance.g s 

Pre-  After Irradiation Dose,  p/cm2 

Coating irrad.    3 x 10*2    5 x 10«    3 x 1<)14    8 x lO**    3 x 10l5    1 x 10«    N(a) x 10«      Aa 

i-mil 
aluminized 
Teflon (TA-2)      0.12       0.12 0.12 0.12 0.12 0.13 0.16        0.18(1.8) 0.06 

j-mil 
aluminized 
Teflon (TA-5)      0.13       0.13 0.13 0.13 0.14 0.15 0.18        0.19(1.7) 0.06 

10-mil 
aluminized 
Teflon (TA-10)    0.16       0.16 0.16 0.16 0.16 0.17 0.20        0.21(1.4) 0.05 

I -mil 
silvered 
Teflon (TS-2)       0.06       0.06 0.06 0.06 0.06 0.07 0.09        0.10(1.7) 0.04 

5-mil 
silvered 
Teflon (TS-5)       0.07       0.07 0.07 0.07 0.07 0.08 0.10        0.11(1.6) 0.04 

10-mil 
silvered 
Teflon (TS-10)     0.09       0.09 0.09 0.09 0.09 0.10 0.12        0.12(1.2) 0.03 

a)   Irradiation dose given in N x 1016 p/cm2; N indicated in parentheses. 
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FIGURE C-19.   THE INCREASE IN SPECTRAL ABSORPTANCE OF SPECIMENS IRRADIATED 
WITH COMBINED AND INDIVIDUAL ENVIRONMENTS AT 298 K(

45
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EUV = solar vacuum ultraviolet 
UV   = 0.2 to 0.4 y 
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FIGURE C -21    THE INCREASE IN SPECTRAL ABSORPTANCE OF SPECIMENS IRRADIATED BY 
COMBINED ENVIRONMENTS AT TEMPERATURES OF 233, 298, AND 422 K^    > 

EUV = solar vacuum ultraviolet 
UV   = 0.2 to 0.4 ]i 
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FIGURE C-78. EFFECT OF SIMULTANEOUS UV 
AND ELECTRON IRRADIATION OF DRY-PRESSED 
BINDERLESS SPECIMEN (TiOx-026-G2)(62) 

FIGURE C-79.   RECOVERY AFTER SIMULTANEOUS 
UV AND ELECTRON IRRADIATION OF DRY-PRESSED 
BINDERLESS SPECIMEN (TiOx-026-G2)(62) 
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FIGURE C -80.    CHAN GE IN SOLAR ABSORPTANCE 
OF H-10 AND RTV-602 OVER 1199 ALUMINUM 
REFLECTOR SHEET*14) 
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